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Summary
Worldwide energy shortage and environment problems have necessitated more e¢ -
cient, reliable and sustainable techniques for energy transfer and storage. Electricity,
which could produce electrical energy, must be reliably and continuously available for
many applications. Therefore, electricity storage devices are critical for the e¤ective uti-
lization of these energy sources.
The lithium-ion battery is an electrochemical energy storage system that has attracted
increasing attention in recent years because of many advantages over competing technolo-
gies. These include high operating voltage, high energy density, no memory e¤ect and
low self-discharge rate. However, the performance of lithium-ion batteries is closely as-
sociated with thermal and degradation e¤ects. The identication and quantication of
the relationship of battery system properties and operation conditions with the thermal
issues as well as how does the degradation develop inside the battery cell are therefore
critical for the e¤ective and safe utilization of lithium-ion batteries. Furthermore, better
understanding of the parameters and mechanisms involved will enable the improvement
in design of battery thermal management systems.
In tandem with experimental investigations of lithium-ion battery systems, compu-
tational study has become an e¤ective tool for identifying the salient features that can
be found in lithium-ion battery systems. Mathematical modelling not only captures the
transport phenomena occurring inside the battery cells which are generally di¢ cult to
quantify experimentally, but also saves time and cost in experimental setup. Generally,
the transport phenomena occurring inside lithium-ion batteries are modelled. Transient
conservation of species, charge and energy in both solid and liquid phases is based on the
porous electrode theory. In this thesis, the following work has been undertaken using the
lithium-ion battery model.
Firstly, safety issues arising from a lithium-ion battery during operation can be at-
tributed to the variation of its temperature which is, in turn, associated with the uncer-
tainties in the parameters such as system properties and operating conditions. Hence, a
Monte Carlo simulation (MCS) of a lithium-ion battery model is conducted to capture the
probabilistic nature of uncertainties in the parameters and their relative importance to the
temperature of a lithium-ion battery cell. Sensitivity analysis is statistically performed
and the varied parameters are ranked according to their contributions to the variation of
the battery temperature.
Besides studying thermal e¤ects, a simulation is conducted that aims to determine if
non-uniform distributions of capacity fade will develop during the cycling of a cylindrical
lithium-ion battery. It is observed that locally non-uniform distributions of capacity fade
will develop across the surface of a single electrode during cycling while the average ca-
pacity fade among electrodes of di¤erent wounds is uniform.
As part of the applied research, the lithium-ion battery model is used to evaluate
thermal management systems for lithium-ion batteries at a module or pack level. Di¤er-
ent active thermal management systems-forced air or liquid cooling are evaluated for two
designs (cylindrical batteries and cells with bipolar congurations) of lithium-ion batter-
x
ies. Parametric studies have been conducted to study the e¤ect of various factors to the
performance of the thermal management system.
xi
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Worldwide energy shortage and environment problems have made necessary more e¢ cient,
reliable and sustainable techniques for energy storage. These techniques may be specied
in terms of energy stored, output power and operating security as well as size and weight,
cost and life time. For a particular application, its energy storage system must meet all
these requirements. Electricity, which could produce electrical energy, must be reliably
and continuously available; even slight uctuations can cause major disruptions that cost
tens of billions of dollars annually. Electrical energy storage devices are therefore critical
for the e¤ective utilization of these energy sources.
Generally, electrical energy is stored in another form of energy. As a type of commonly
applied energy storage device, a battery indirectly stores the electrical energy in the form
of chemical energy. When the battery releases electrical energy, redox reactions of the
electrochemical active reactants inside the battery is induced to create charges performing
the electrical work at the external electric circuit.
1
1.1. OVERVIEW OF LITHIUM-ION BATTERIES
1.1 Overview of lithium-ion batteries
Figure 1.1a is the Ragone plot of various energy storage and/or conversion systems. Bat-
teries can generally store signicantly more specic energy than conventional capacitors
and electrochemical capacitors due to the faradaic processes, i.e., electrochemical reactions
[1]. Fuel cells have relatively high specic energy. However, they are energy conversion
systems. In a fuel cell, the chemical energy from a fuel is converted into electrical energy
by the redox reaction. The fuel is stored isolated from the device. The requirements for
the fuel storage and transportation restrict the usage of fuel cells which make fuel cells
less attractive than batteries. Today commercially available rechargeable batteries include
lithium-ion, nickel-metal-hydrid, and nickel-cadmium devices. As shown in Figure 1.1b,
lithium-ion batteries and other lithium-based batteries have the highest energy densities
among all rechargeable batteries.
Lithium-ion batteries, rst commercialized by SONY in 1991, are now widely utilized
in portable, computing and electronic applications. The main advantages of a lithium-ion
battery, including high energy density, high operating voltage, no memory e¤ect, slow
self-discharge rate, and good cycle life (greater than 1000 cycles), make it a promising
contender for energy storage in consumer electronics. Although they are likely to be
among the most important energy storage devices in the future, lithium-ion batteries are
still su¤ering from some undesirable drawbacks like increasing internal resistance during
charge/discharge cycles, capacity loss, ageing e¤ects on battery life, thermal runaway
when overcharged or improperly operated. Accurate understanding of working mecha-
nisms and appropriate management measures are thus critical to achieve greater reliability
and longevity of lithium-ion battery systems.
2
1.1. OVERVIEW OF LITHIUM-ION BATTERIES
Figure 1.1: Schematic of (a) a simplied Ragone plot showing energy density vs. power
density for various energy storage devices; (b) a comparision of energy storage capability
of common rechargeable battery systems [2, 3].
3
1.1. OVERVIEW OF LITHIUM-ION BATTERIES
1.1.1 Structure and operation principles of a lithium-ion battery
cell
A basic lithium-ion battery cell consists of several functional layers: a current collector of
aluminum coated with a positive lithium-metal-oxide electrode (cathode), a current col-
lector of copper coated with a negative graphite carbon electrode (anode), and a separator
in between the electrodes. The electrodes and the separator are of porous structure that
are lled with a non-aqueous electrolyte. Di¤erent chemistries of lithium-ion batteries
are developed. The most commercialized negative electrode is graphite and hard carbon.
The positive electrode is typically made of a metal oxide, such as lithium cobalt oxide
(LiCoO2), lithium manganese oxide (LiMn2O4) and lithium iron phosphate (LiFePO4).
The electrolyte is usually an organic carbonate solvent such as ethylene carbonate (EC)
or dimethyl carbonate (DMC) mixed with a lithium salt such as lithium hexauorophos-
phate (LiPF6), lithium perchlorate (LiClO4) and lithium tetrauoroborate (LiBF4) [4].
During charge and discharge, lithium ions are transferred from one electrode to another
by the intercalation and the deintercalation processes, as illustrated in Figure 1.2 with
electrode reactions expressed as
Positive electrode: LiMO2  Li1 xMO2 + xLi+ + xe  (1.1)
Negative electrode: C+ xLi+ + xe   LixC (1.2)
Overall: LiMO2 + C LixC+ Li1 xMO2 (1.3)
where M represents the transition metal employed for the positive electrode.
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Figure 1.2: Schematic of a lithium-ion battery operation principle.
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1.1.2 Types and applications
More recently, lithium-ion batteries are becoming the heart of many electric-powered
applications. For some applications such as the mobile phone and tablet computer, a single
lithium-ion battery cell is su¢ cient for the device to work; while for large scale applications
such as electric vehicles [5] and large scale stationary energy storage [6], high voltage and
high capacity output are required. In order to meet these requirements, the battery
cells are not simply combined together, but organized regularly to perform in terms of
a battery module/pack system with advantages of minimized weight, compact, secure,
good thermal management, as well as safety and protection against external interference.
In particular, those battery cells may be congured in series, parallel or mixture of both
modes to deliver the desired voltage, capacity and power density, e.g., the Panasonic high
energy lithium-ion battery module [7]. In addition, supervisory control and management
circuits are integrated into the pack to ensure optimal performance by minimizing the
non-uniformities among cells and modules.
Lithium-ion batteries can be classied by cell shape, generally including cylindrical
cells, coin/button cells, prismatic cells and pouch cells as shown in Figure 1.3. There are
also cells with bipolar conguration and other special designs for civil and military use.
Lithium-ion battery cells in di¤erent shapes are applied to di¤erent end applications. For
example, the mobile phone battery is generally of a prismatic cell while the laptop battery
is usually a battery pack composed of 6 or 9 cylindrical cells.
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Figure 1.3: Lithium-ion batteries of various shapes and components: a. cylindrical; b.
coin; c. prismatic; d. pouch; gure cited from Ref. [2].
1.1.3 Heat generation
Heat originating from batteries during operation can be a major concern. Generally, there
are three main heat sources generated from a lithium-ion battery cell:
1. Reversible heat generation. As previously mentioned, the battery is a device that
converts chemical energy to electrical energy via electrochemical reactions. For an
electrochemical reaction, energy is needed to break chemical bonds but energy is
dissipated during the formation of chemical bonds. Therefore, heat absorption or
heat emission unavoidably occurs along with electrochemical reactions. The sign of
the reversible heat transfer is related to the direction of the electrochemical reaction.
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When the reaction is reversed, the heat is also reversed.
2. Irreversible heat generation. The irreversible heat is caused by the polarization e¤ect
when the current passes through the conducting material inside the battery. The
polarization e¤ect here refers to the deviation of the potential from its equilibrium
state.
3. Ohmic heat generation. The ohmic heat, also known as Joule heating related to
the resistance of the battery. The ohmic heat is released during the passage of an
electric current through the battery cell. In a lithium-ion battery cell, the ohmic
heat generation is also irreversible and can be attributed to two e¤ects, i.e., the
electronic e¤ect from the solid matrix and the ionic e¤ect from the electrolyte phase
[8].
During operation, excessive heat generation inside lithium-ion batteries will lead to
unexpected temperature increase. If this heat cannot be dissipated e¤ectively, the battery
will be overheated, resulting in thermal runaway or explosion in a worst-case scenario. In
fact, there have been several cases of lithium-ion batteries going into thermal runaway in
laptop and cellphone applications leading to recalls by manufacturers including Dell, IBM,
Toshiba and Apple. In large scale applications such as hybrid electric vehicles and electric
vehicles, batteries are usually in the form of a battery module/pack. If one or more cells
are failing, the high heat arising from these cells could propagate to the neighbor cells and
cause the battery system to become thermally unstable, which can further induce chain
reaction and even catastrophic destruction of the module/pack. Therefore, appropriate
thermal management system is crucial for better and safer operations of battery systems.
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Another issue is the non-uniformities between cells/modules in a battery pack with-
out proper battery management and supervision, especially in large scale applications.
Batteries in applications such as EV comprise long strings of cells in series in order to
achieve the desired operating voltage and numbers of cells/modules in parallel in order
to achieve the required capacity or output power. During operation, it is di¢ cult to
maintain the battery pack temperature, keeping all the cells at a constant temperature.
The non-uniform temperature between cells can cause electrical imbalance over time, i.e.,
non-uniform charge and discharge behavior of the battery pack. When the non-uniformity
occurs between cells, the batteries will su¤er from a series of problems, such as overcharge
(due to the electrical imbalance) which in turn can induce thermal runaway and capac-
ity loss and eventually cause a module/pack level failure. Hence, lithium-ion batteries
require e¤ective measures for thermal management and battery management to maintain
the batteries operating under safe and stable conditions.
1.1.4 Capacity fade
Besides excessive heat generation, capacity fade is another main limitation of the perfor-
mance of lithium-ion batteries. The capacity fade refers to the loss in discharge capacity
and occurs throughout the whole life of batteries. Various mechanisms are responsible for
the loss of battery capacity. Some of them lead to reversible capacity loss which can be
recovered by recharging the batteries, while the others cause irreversible capacity loss that
the active material, lithium, is consumed irreversible by side reactions. As investigated,
battery capacity fade is associated with various conditions (both internal and external)
and factors. In this thesis, only irreversible capacity fade is taken into account.
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1.2 Mathematical modeling of lithium-ion batteries
Mathematical modeling and computational analysis are extensively employed in the study
of lithium-ion battery systems. Various mechanistic mathematical models are developed
to resolve the essential phenomena occurring within a lithium-ion battery cell which can
not be simply obtained by conducting experiments. These models typically consider the
transient equations of conservation of species, charge and energy together with relevant
boundary conditions at multiscales. A more detailed literature review on the mathemat-
ical modeling of a lithium-ion battery is presented in Chapter 2.
1.3 Objectives
As aforementioned, thermal related issues can be the major concern for lithium-ion bat-
teries. Moreover, the understanding of mechanisms of capacity fade is also important for
better utilization of such batteries. According to these two points, two main objectives are
proposed for this work: 1) theoretically study the factors that can cause the temperature
variation and the distribution of capacity fade developing in a lithium-ion battery cell;
2) numerically investigate the performance of di¤erent thermal management systems for
lithium-ion batteries at a module/pack level.
The theoretical studies that are carried out include:
 Capturing the random yet probabilistic nature of uncertainties in design and oper-
ation parameters of a battery cell and their relative e¤ects on the battery tempera-
ture;
 Investigating if a non-uniform distribution of capacity fade will develop during cy-
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cling of a lithium-ion battery.
The applied studies focus on the analysis of two di¤erent active thermal management
systems designed for a battery module/pack, including:
 Active thermal management system comprising forced air cooling for a battery mod-
ule of cylindrical cells;
Coupling of the one-dimensional battery models and the two-dimensional con-
jugate heat transfer model;
 Identifying design and operation parameters of interest;
Evaluating the performance of the thermal management by considering both
the maximum temperature variation and the uniformity of temperature distri-
bution.
 Active thermal management system comprising forced liquid cooling for a battery
pack;
Designing the bipolar battery pack and the cooling system;
 Identifying design and operation parameters of interest;
Evaluation the performance of the thermal management system.
These two applied studies are motivated by the fact that no study has been carried
out for battery thermal management which accounts for both the local electrochemical




The challenges to be overcome in this work are:
 Exploring proper methods and procedures for sensitivity analysis of the battery
system;
 Coupling of the rst principle capacity fade model into the lithium-ion battery
model;
 Reducing computational costs without sacricing computational accuracy for sim-
ulating complex battery systems such as the battery module and pack.
1.5 Outline of the thesis
This thesis consists of nine chapters, covering both theoretical investigations and applied
studies of the lithium-ion battery system. A brief outline of each chapter is given below:
 Chapter 1 describes the development of lithium-ion batteries as a type of electro-
chemical energy storage and conversion system; applications and types of lithium-ion
batteries are then briey introduced. The issues - thermal e¤ects and degradation
- of lithium-ion batteries are identied and these provide the motivations of this
study, followed by the objectives of the present research work.
 Chapter 2 presents a thorough literature review of the mathematical models de-
veloped for predicting the electrochemical and the thermal behavior of lithium-ion
batteries as well as the existing thermal management designs.
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 Chapter 3 provides the mathematical framework utilized in the whole thesis. The
governing equations, constitutive relations, boundary and initial conditions are pre-
sented in this chapter.
 Chapter 4 introduces the numerical methodology employed in conducting the sim-
ulations.
 Chapter 5 carries out a Monte Carlo simulation of a lithium-ion battery model to
capture the probabilistic nature of uncertainties in the system properties and the
operation conditions and their relative importance to the temperature of a lithium-
ion battery cell.
 Chapter 6 reports a simulation to examine if a non-uniform distribution of capacity
fade develops during the cycling of a cylindrical lithium-ion battery cell. The bat-
tery in this study is resolved by an axisymmetric two-dimensional cross-section. A
transient mathematical model of lithium-ion battery integrated with capacity fade
e¤ects is solved.
 Chapter 7 provides a numerical study to evaluate the e¤ects of several design and
operation parameters of a lithium-ion battery module on the performance of an
active thermal management system comprising forced air cooling. The battery cell is
resolved with a one-dimensional geometry and the battery module with air ow eld
is resolved with a two-dimensional geometry. Each of the cells is solved separately
and interactively coupled with the two-dimensional model.
 Chapter 8 presents a numerical investigation to evaluate the performance of a
bipolar-design battery pack in terms of operating and design parameters of an active
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thermal management system comprising forced liquid cooling. The behavior of the
battery pack during galvanostatic discharge under two limiting conditions are also
studied.
 Chapter 9 provides a summary of the key ndings and contributions of this thesis;




Mathematical modeling of electrochemical energy storage systems requires a series of
di¤erential and algebraic equations to precisely describe the internal physical and electro-
chemical behavior taking place during the various operating conditions. These equations
specifying the dependent variables of interest, along with boundary and initial conditions
constitute the fundamental modeling framework. The following literature review mainly
focuses on the theories used in setting up the modeling framework of lithium-ion batter-
ies. Apart from reviewing the theories for battery modeling, a review of existing modeling
works that are relevant to the studies conducted in this thesis is also presented in this
chapter.
2.1 Theories of mathematical modeling
Employing mathematical modeling in the design of batteries has a long history. In the late
1950s, the macroscopic models of the current and the potential distributions in porous
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battery electrodes were rst developed. After which, in the early 1960s, Newman [9]
proposed in-depth understandings about the behavior of porous electrodes by developing
porous electrode theory which is still commonly adopted in most models today.
Generally, the basic modeling framework for lithium-ion batteries consists of porous
electrode theory, concentrated solution theory, Ohms law, kinetic relationship, and the
charge and material balance [9, 10, 11, 12, 13].
2.1.1 Porous electrode theory
The porous electrode is considerably prevalent for electrochemical energy storage devices,
especially in the battery system. The porous structure can provide large interfacial area
for the electrode reaction and reduce the distance for the reactants to di¤use to the surface.
The macroscopic description of porous electrodes is theoretically presented by Newman
[9, 11, 12, 14]. According to this theory, porous electrode is considered as a superposition
fraction. Hence, the porous electrode is characterized by the specic interfacial area
and the volume fraction of each phase without considering the detailed pore geometry.
The material balances are averaged by a volume that is small with respect to the overall
dimensions of the electrode but large with respect to the pore dimensions. This allows one
to treat electrochemical reaction as a homogeneous term without worrying about the exact
shape of the electrode/electrolyte interface. Newman and Tobias [9] developed general
equations to describe the behavior of porous electrodes with assumptions of uniform
geometry and polarization parameters. After Newman and Tobiass work, Dunning et
al. presented a model for the operation of a porous electrode in which slightly soluble
reactants were considered [15]. Posey and Morozumi developed a theory of potentiostatic
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and galvanostatic charging of double layer in the porous electrodes [16]. West et al.
depicted a simplied mathematical model of the dynamics of porous insertion electrodes
with liquid electrolyte during charge or discharge [10]. In addition, the volume change of
the porous electrodes associated with the reaction processes was also studied by Jain and
Weidner [17].
2.1.2 Concentrated solution theory
Due to the salt concentrations in lithium-ion batteries are generally large, usually larger
than 1 M, the transport of the electrolyte should be treated rigorously by using con-
centrated solution theory. The concentrated solution theory provides the relationship
between the driving forces and the mass uxes. According to the concentrated solution
theory, the driving force for mass transfer at constant temperature and pressure is the
gradient of the electrochemical potential of an ionic species [11, 12]. The ux equation is
then used in a material balance to account for the transient variation of concentration due
to mass ux and reaction. Pollard and Newman presented the transport equations for a
mixture of two binary molten salts in a porous electrode by introducing the concentrated
solution theory into the basic framework [18].
2.1.3 Electrode kinetics
In an electrochemical system, a driving force is required to induce an electrochemical
reaction to occur. This driving force is termed the surface overpotential. The rate of
electrochemical reaction, characterized by the current density, can be related to the surface
17
2.1. THEORIES OF MATHEMATICAL MODELING








where i is the current density, i0 is the exchange current density. For a reaction with a
high exchange current density, both the forward and the backward reactions occur rapidly.
The net direction of reaction depends on the sign of the surface overpotential s. The
exchange current density depends on the concentrations of reactants and products, the
temperature, and also the nature of the electrode/electrolyte interface and the impurities
that may contaminate the surface. The parameters a and c, termed as transference
coe¢ cients, are additional kinetic parameters relating to how an applied potential favors
one direction of reaction over the other [13].
2.1.4 Solid phase di¤usion
Ficks second law of di¤usion is introduced to describe the transport of ions into the bulk
of solid particles in the model. This method increases the di¢ culty in modeling the elec-
trochemical system due to the di¤usion equation is coupled with the other equations by
the continuous ux condition at the solid particle/electrolyte interface. Doyle et al. [19]
proposed Duhammel superposition integral method to calculate the mass ux across the
electrode/electrolyte interface. Wang et al. [20] developed a micro-macroscopic coupled
model, which incorporated solid-state physics of electrode material, interface morphol-
ogy and chemistry for advance batteries and fuel cells based on the volume-averaging
technique. In addition, Wang et al. presented an alternate approach called the di¤usion
length approach to solve this problem. The di¤usion equations and boundary condi-
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tions were thus replaced by a rst-order di¤erential equation and an algebraic equation
that dealt with the volume-averaged solid phase concentration in addition to the lithium
concentration of the solid phase at the electrode/electrolyte interface.
2.2 Review of mathematical models
In this section, a review of mathematical models developed for lithium-ion batteries is pre-
sented. Based on the basic modeling framework mentioned above, a number of mechanistic
models were developed to simulate both the electrochemical and the thermal behavior of
lithium-ion batteries from cell level to module/pack level. Lots of e¤orts were also ex-
tended to study di¤erent aspects of lithium-ion batteries such as the design of thermal
management systems for lithium-ion batteries [21, 22], capacity fade and ageing issues
[23, 24, 25] and short circuit [26, 27, 28, 29]. Apart from the mechanistic models, there
are also some other models such as equivalent circuit models [30, 31, 32] that are empiri-
cally tted from the experimental data. In particular, a further review of existing models
for lithium-ion batteries related to studies carried out in current work is summarized in
the following sections.
2.2.1 Coupled electrochemical-thermal models
Pals and Newman [33] developed a one-dimensional electrochemical-thermal model to
predict temperature proles of a lithium/polymer battery, which was based on the model
proposed by Doyle et al. [34] and the energy balance proposed by Bernardi et al. [35]. The
temperature of the cell in their model was assumed to have a uniform distribution and was
allowed to vary with time. The e¤ect of temperature on the cell discharge performance
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was evaluated by the variations of physical property with temperature. Their model
presented an accurate approximation of the heat generation rate during nonisothermal
discharge.
Gu and Wang [36] derived a general form of thermal energy equation for a battery
system which was based on rst principles using the volume-averaged method. A fully
coupled thermal and electrochemical model was developed that used the newly produced
potential and current values from the model to evaluate the heat generation rate and
hence temperature distribution which, in turn, determined the potential and the current.
Consequently, the local heat generation was a function of the discharge history. The
temperature-dependent physical properties were described by Arrheniusexpression. This
model was closer to the realistic working conditions of a battery cell and can be used to
predict the temperature distribution within a cell.
Song and Evans [37] developed an electrochemical-thermal model of lithium polymer
batteries. Their model was also capable to predict the local heat generation by adding
several temperature-dependent parameters including the di¤usion coe¢ cient, the ionic
conductivity and the transference number of lithium ions, etc.
Based on expressions of local heat generation given by Gu and Wang [36] and Song
and Evans [37], many numerical studies [38, 39, 40, 41, 42, 43, 44] have been carried out
to analyze the thermal behavior of the battery systems. All the studies in this thesis will
employ a coupled electrochemical-thermal model to simultaneously predict both global
and local behavior of the battery systems.
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2.2.2 Capacity fade models
Arora and White [45] reviewed various mechanisms of capacity fade of a lithium-ion
battery during cycling. These mechanisms are due to or are associated with unwanted
side reactions that occur in the lithium-ion batteries. These side reactions will cause
electrolyte decomposition, passive lm formation, active material dissolution and other
phenomena. In addition, they provided useful information to describe the capacity fade
mechanisms that may be included in the lithium-ion battery model.
Darling and Newman [46] rstly simulated the phenomenon of capacity fade caused
by a parasitic reaction. The side reactions were described by a Tafel kinetics expression
and coupled with a lithium-ion battery model to predict the battery behavior during
cycling. They achieved good agreement for the results obtained from the model and the
experiments.
Broussely et al. [47] modeled the capacity loss caused by the parasitic reaction occur-
ring between lithium and electrolyte at the negative electrode by developing a quadratic
equation to describe the capacity fade rate. Later, based on Broussely et al.s model
[47], Spotnitz [48] developed an empirical model to interpret capacity fade of lithium-ion
batteries. His model considered both reversible and irreversible capacity loss due to the
solid electrolyte interfaces (SEI) layer growth and dissolution at the negative electrode.
Ramadass et al. [49, 50, 51] conducted a series of experimental studies to investi-
gate the cycling performance of lithium-ion battery cells. Their studies considered about
di¤erent battery chemistries and operation conditions. Based on the experimental re-
sults, they successively developed a semi-empirical and a rst principles-based model to
simulate the capacity fade of lithium-ion batteries [52, 53]. The rst principle capacity
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fade model considered a continuous process of solvent di¤usion/reduction at the nega-
tive electrode during the charge mode. The loss of active material with cycling was due
to the continuous formation of SEI layer. The solvent reduction reaction was described
by the Butler-Volmer kinetic and incorporated into the Doyle et al.s [34] lithium-ion
intercalation model.
Christensen and Newman [54] developed a continuum-scale model to simulate the
growth of the SEI layer and the transport of lithium and electrons through the lm.
Based on Christensen and Newmans work, Gang Ning and Popov [55] developed a
charge/discharge capacity fade model with considering the loss of active material due
to solvent reduction reaction. The increase of the SEI layer resistance at the negative
electrode due to the side reactions was also included in the model. In order to reduce the
computation time, this model neglected the transport of lithium in the electrolyte phase.
Multi-processes parameters such as the charge rate, the depth of discharge, the end-of-
charge voltage, and the discharge rate which inuence the capacity loss were also studied.
Later, Gang Ning et al. [56] described a more generalized charge/discharge capacity fade
model based on the loss of the active lithium ions due to the side reaction at the neg-
ative electrode. The consideration of transport of lithium in both solid and electrolyte
phases made this model applicable not only for mild but also for harsh charge/discharge
conditions.
Santhanagopalan et al. [57] compared two simplied approximate models (i.e., the
porous electrode model with the polynomial approximation of the solid phase concentra-
tion of lithium and the single particle model that each electrode is represented by a single
spherical particle) with the pseudo two-dimensional model that was used to simulate ca-
pacity fade in lithium-ion batteries. Their results showed that both approximate models
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could reduce the computational time and agree well with the pseudo two-dimensional
model up to 1 C rate of discharge. However, due to the absence of solution phase in the
model, the prediction of the single particle model had its own limitation in accuracy at
a higher discharge rate. A concentration gradient formed across the solution phase that
the single particle model failed to capture when the current is above 1 C.
Safari et al. [58] developed a single particle model to predict the battery ageing
phenomenon. The model considered battery capacity fade caused by the solvent decom-
position side reaction which leads to the growth of an SEI layer at the negative electrode.
The side reaction was expressed by a modied Tafel kinetic expression. The e¤ect of SEI
porosity on the capacity fade was also studied. Their model can be used to analyzed
battery capacity fade under several ageing processes such as charge/discharge cycling and
storage at the state of open circuit voltage (OCV).
Pinson and Bazant [59] conducted a simulation to model capacity fade by using a
simple single particle reaction model. The main capacity fade mechanism in their model
was the formation of SEI layer at the anode. Their computational results showed that
no signicant spatial variations were observed at the cell level. In addition, they also
included the thermal e¤ect into the capacity fade model by using an Arrhenius expression
for the temperature dependence of the di¤usivity of the limiting reacting species through
the SEI layer.
The capacity fade studied in all the models above is assumed to occur at the negative
electrode. Many other researchers [23, 60, 61, 62, 63] have also reported the battery cell
degrades with structural and chemical changes in the cathode material.
Generally, the capacity fade mechanisms involved in a lithium-ion battery highly de-
pend on the operation and storage conditions, battery chemistries and cooling conditions.
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This thesis focuses on battery cell that employs carbon based material as anode; and the
mechanism of capacity fade is assumed to be the formation of SEI layer and the electrolyte
reduction side reaction of the anode.
2.2.3 Models for thermal management systems
A number of numerical investigations have been carried out to study the thermal behav-
ior of lithium-ion battery from cell level to module or pack level. However, less studies
have been conducted to investigate the methods of thermal management. In this sec-
tion, a review of numerical studies of the thermal management of lithium-ion batteries is
provided.
Air cooling is the simplest method for battery thermal management. However, the
cooling by air natural convection is insu¢ cient for dissipating the heat generated from
batteries [21, 22], especially for large scale battery module or pack. Instead, the forced air
convection cooling system is widely employed. Sabbah et al. [64] carried out a modeling
study on a compact lithium-ion battery pack suitable for PHEV application. They com-
pared the cooling performance of the active (air cooling) and the passive (phase change
material, (PCM)) methods and found that the active air cooling is only adequate for mod-
erate discharge rates. Mahamud and Park [65] proposed a thermal management system
with reciprocating air ow for a lithium-ion battery module to improve temperature uni-
formity and reduce the maximum cell temperature. Karimi and Dehghan [66] developed a
lumped capacitance heat transfer model coupling with a ow network approach to study
the cooling performance of a lithium-ion battery pack. Park [67] presented a simulation
work to study the cooling performance of an active air cooling for a battery system. The
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e¤ect of the design of air ow conguration on the cooling performance of the battery
system was analyzed. Xun et al. [68] employed the forced air to cool the lithium-ion
battery stacks. Di¤erent stacks designs, at-plate and cylindrical stacks, were considered
in their study. The thermal management performance between two stack designs were
evaluated in terms of volume ratio and cooling e¢ ciency factor. Fan et al. [69] carried out
a parametric study on thermal management of an air cooling lithium-ion battery module.
The e¤ects of the gap between cells and the air ow rate on cooling performance were
analyzed and discussed. Park and Jung [70] numerically studied the design e¤ect of the
battery thermal management system and found that a wide battery module with small
cell gap is good for air cooling. The e¤ects of coolants, including air and liquid, were
also compared in terms of the power consumption. Xu and He [71] evaluated the heat
dissipation performance of battery pack. Forced air cooling was considered in their study
and di¤erent airow duct modes were studied.
Liquid cooling is an alternative cooling method, especially for large scale batteries
[21, 22] and can be classied into direct contact cooling (submerging batteries in a dielec-
tric liquid) and indirect cooling (using liquid cold plates). Few simulation studies have
been reported to investigate the thermal management method through liquid cooling for
a battery system. Yeow et al. [72] conducted a thermal analysis of a lithium-ion battery
system with indirect liquid cooling. The cooling performance was evaluated in terms of
the maximum cell temperature and the temperature distribution by considering the num-
ber and the placement of the cooling plates as well as the direction of the ow. Teng
and Yeow [73] carried out a numerical investigation to compare the thermal management
performance of battery packs with direct and indirect liquid cooling systems and demon-
strated that direct liquid cooling outperforms the indirect liquid cooling from battery
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thermal management point of view.
In addition to the two active cooling methods mentioned above, the thermal manage-
ment method with passive systems such as PCM was also widely employed for battery
systems because such thermal management method was capable to promote the unifor-
mity of temperature distribution [21, 22, 74, 75, 76].
In all the above studies, however, the heat generation of the batteries was either
measured from experiments, or described by a lumped thermal model without accounting
for the local thermal behavior. In this thesis, the thermal and the electrochemical behavior




In this chapter, mathematical formulation for a single lithium-ion battery cell is outlined.
A detailed, mechanistic model with coupling both the electrochemical behavior and the
thermal e¤ect is presented in this chapter. The generic lithium-ion battery model together
with the generic constitutive relations, boundary conditions and initial conditions are
also provided in this chapter. Constitutive relations specic to the battery chemistries,
boundary and initial conditions specic to the geometries and operating conditions are
provided in the following individual chapters.
The coupled transport phenomena involved in the model are:
 Conservation of charge. Conservation of charge in the solid phase in the electrode
and current collector is solved by Ohms law. Conservation of charge in the elec-
trolyte phase in the electrodes and the separator is solved by a modied Ohms
law.
 Conservation of species. The species transfer in the electrolyte phase is due to
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di¤usion and migration; while only di¤usion is involved in the species transfer in
the solid phase.
 Conservation of energy. Conservation of energy in all the functional layer is solved
by Fouriers law. The internal heat generation can be classied into reversible,
irreversible and ohmic heat generation respectively.
The model is based on the following assumptions/approximations:
 Material properties are isotropic.
 A binary electrolyte is assumed with lithium ions as the only electroactive compo-
nent [13, 19].
 The rate of electrochemical reaction, characterized by the current density, is assumed
to be described by the Butler-Volmer equation [13, 19].
 The active material is assumed to be spherical in shape and has uniform distribution
in the electrodes with same particle size.
 Side reactions are not taken into account in the current model.
 Volume change due to dissolution of active material of electrodes is not considered
in the current model. The porosity is kept as constant.
 Double layer e¤ects are not considered in the model [77].
 Arrhenius type expressions are employed to characterize the temperature-dependent
transport parameters [13, 34].
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A single lithium-ion battery cell considered here is composed of ve functional layers:
negative current collector, negative electrode, separator, positive electrode and positive
current collector, as schematically illustrated in Figure 3.1. Generally, the negative elec-
trode is carbon based material combined with binder and ller material. On the other
side, the positive electrode is typically made of a lithium/metal oxide. The separator is a
thin polymer lm and is placed in between the two electrodes in order to make the elec-
trodes electrically isolated. The electrodes and separator have porous structure lled with
an electrolyte solution. During charge/discharge, lithium ions are transferred from one
electrode to another by the intercalation and deintercalation processes as aforementioned
in the introduction chapter. The transport processes will cause the formation of concen-
tration gradient of lithium ions across the cell and variation in cell voltage as well as the
temperature change. These phenomena will be captured by the coupled electrochemical-
thermal model.
3.1 Governing equations
In the model, the solid phase potential (s), liquid/electrolyte phase potential (l) and
the concentration of lithium ions in the liquid/electrolyte phase (cl) are solved by the
following equations:
Conservation of charges in the solid phase of the electrodes:
r  is =  Asifara, (ne, pe). (3.1)
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Figure 3.1: Schematic of (a) a single lithium-ion battery cell with various functional layers;
(b) agglomerate structure of lithium in active material in the electrodes.
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Conservation of charges in the solid phase of the current collector:
r  is = 0, (cc), (3.2)
where the solid phase current density, is, is dened by the Ohms law and expressed as
is =  effs rs; (3.3)
and As is the specic surface area for the faradaic reaction per unit volume, ifara is the
charge transfer current density, and effs is the e¤ective solid phase electrical conductivity.
Conservation of charges in the electrolyte phase in the electrodes:
r  il = Asifara, (ne, pe). (3.4)
Conservation of charges in the electrolyte phase in the separator:
r  il = 0, (sp), (3.5)
where the electrolyte phase current density, il, is dened by the modied Ohms law and
given as
il =  effl rl +
2RTeffl
F
(1  t0+)r(ln cl). (3.6)
and effl is the e¤ective electrolyte phase electrical conductivity, R is the universal gas








+r Nl = Asifara
F
, (ne, pe). (3.7)




+r Nl = 0 (sp), (3.8)
where the molar ux of lithium ions, Nl, is given by






and "l is the porosity of electrolyte in the electrodes and separator, D
eff
l is the e¤ective
electrolyte phase di¤usion coe¢ cient.




+r  q = Q, (ne, sp, pe, cc) (3.10)
with the conductive heat ux, q, is dened as
q =  keffrT , (3.11)
where keff is the e¤ective thermal conductivity.
The equations listed above are solved for the variables at the macroscale. Instead,
















where cs is the solid phase concentration in the active material particles of the electrodes,
r is the radial coordinate inside an agglomerate, and Ds is the solid phase di¤usion co-
e¢ cient of lithium in the particles. Here, in order to reduce the computational cost, an
alternative method named the di¤usion length approach [20] or a polynomial approxima-
tion approach [78] is used to solve the solid phase concentration and is expressed as
Ds
ls









where csurfs is the surface concentration of lithium ions, c
avg
s is the average concentration
of lithium ions in the active material, ls is the di¤usion length for the particles of the
electrodes.
3.2 Constitutive relations
In this section, the constitutive relations used in the model of the single lithium-ion
battery cell are provided. Relations specic to certain cases are provided in the respective
chapters.
A source term, J , is rst dened which is the product of the specic surface area for
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the faradaic reaction rate is characterized by the local charge transfer current density and











where i0;fara is the exchange current density, a and c are the anodic and the cathodic
transfer coe¢ cients,  is the overpotential for the faradaic reaction. The exchange current






s   csurfs )a(csurfs )c , (3.17)
where k0 is the faradaic reaction rate, cmaxs is the maximum lithium concentration in the
solid phase of the electrodes. The specic surface area is calculated by [19]
As =
3(1  "l   "f   "p)
Rs
, (3.18)
where "l is the volume fraction of electrolyte phase, "f is the volume fraction of ller, "p
is the volume fraction of the polymer matrix; and Rs is the radius of the active particles.
The over potential is related to both of the solid phase and the electrolyte phase potential
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as well as the open circuit potential of the electrode and is dened as
 = s   l   U effref;i, (i = ne; pe); (3.19)
here, the e¤ective open circuit potential is approximated by
U effref;i=Uref;i + (T   Tref )
@Uref;i
@T
, (i = ne; pe); (3.20)








di¤erent expressions which are generally tted from experimental data and expressed as




, (i = ne; pe); (3.21)
The expressions of Uref;i and
@Uref;i
@T
will be shown in each specic case in the following
chapters.









where  is the Bruggemann constant. The electrolyte conductivity at a reference tem-
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perature is expressed as a function of the lithium concentration in the electrolyte phase
[19]:











In the above equations, the constitutive relations are dened for the properties related
to the electrochemical behavior. In the following equations, the constitutive relations are
given for the thermal related behavior.










(1  t0+)r(ln cl)  rl, (ne; pe)








The heat generation comes from di¤erent sources termed as irreversible heat, reversible
heat and ohmic heat respectively. The irreversible heat is due to the deviation of the
electrode potential from the equilibrium potential with the occurrence of faradaic reac-
tion and is calculated by J; the reversible heat generation is caused by the changes
in entropy and is expressed as JT @Uref;i
@T
; the ohmic heat is due to the Joule heating ef-
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fects related to the operating current and resistance of the battery, in this model, the
solid phase ohmic heat is solved for all the functional layers except the separator and
is given by effs (rs)2, while the ohmic heat arising from electrolyte phase is estimated




(1  t0+)r(ln cl)  rl and applied to the electrolyte phase in the
electrodes and the separator. The entropic heat, @Uref;i
@T
, will be given in the following
chapter according to di¤erent battery chemistries.
The e¤ective thermal conductivity and the e¤ective thermal capacity are calculated
by considering the volume fraction of each component in the functional layer and are
expressed as
keffi = ki(1  "l) + kl"l, (i = ne; sp; pe); (3.28)
(Cp)
eff
i = (Cp)i(1  "l) + (Cp)l"l, (i = ne; sp; pe): (3.29)
Some transport properties such as Ds, Dl and l are temperature dependent and is
typically expressed by the Arrhenius expression:









where (T ) represents the temperature dependent properties, Tref is the reference tem-
perature, and Ea; is the activation energy.




0l =  Uref;ne(0ne), (3.32)
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with 0pe and 
0
ne representing the initial state of charge at the positive and negative
electrodes respectively.
The overall cell voltage, Ecell, is evaluated by the potential di¤erence between the
positive end and negative end.
3.3 Boundary and initial conditions
In this section, the boundary conditions are listed according to their locations (see Figure
3.1) in the battery cell. Boundary conditions that are specic in di¤erent cases and
operating conditions will be provided in the following chapters.
At the negative end (VI):
s = 0: (3.33)
At the current collector/electrode interface (II):
n  isj+ = n  isj  ; (3.34)
n  il = 0;
n Nl = 0;
n  qj+ = n  qj  :
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At the electrode/separator interface (III):
n  is = 0; (3.35)
n  ilj+ = n  ilj  ;
n Nlj+ = n Nlj  ;
n  qj+ = n  qj  :
At the positive end (V):
n  is =  iapp: (3.36)
Other boundaries (I, IV):
n  is = 0; (3.37)
n  il = 0;
n Nl = 0;
n  q=h(T   Ta):
In Eqs. 3.33 - 3.37, n represents the unit vector in the normal direction, iapp is the
applied current density, h is the heat transfer coe¢ cient, and Ta is the ambient tempera-
ture.
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l , (ne; sp; pe); (3.39)
cl = c
0
l , (ne; sp; pe); (3.40)
cs = c
0
s, (ne; pe); (3.41)




In last chapter, the generic lithium-ion battery model together with the generic constitu-
tive relations, boundary and initial conditions have been provided. In this chapter, the
numerical methodology for solving the lithium-ion battery model is introduced. It has to
be noted that the generic numerical methods are provided in this chapter. The numer-
ical methods specic to the designs of the battery systems and operating conditions are
provided in the individual chapters.
The mathematical models of the lithium-ion battery cell and battery module/pack,
together with their appropriate boundary conditions, initial conditions and constitutive
relations, were implemented and solved with nite element solver, COMSOL Multiphysics
3:5a, 4:3b or 4:4. Linear/Quadratic Lagrange elements were implemented for all the
variables. The direct solvers UMFPACK or MUMPS were chosen as linear solvers with
a relative convergence tolerance of 10 3 for the variables solved of lithium-ion battery
system, while iterative solver was chosen with a relative convergence tolerance of 10 3 for
the variables solved for the ow eld of thermal management system. All computations
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were conducted on a computer with two quad-core processors (3:07 GHz, with a total of
eight processor cores) and 24 GB random access memory (RAM).
4.1 COMSOL Multiphysics
COMSOL Multiphysics is a nite element method (FEM) software package for various
physics and engineering applications. In many real-world applications, physical processes
and phenomena can be described by partial di¤erential equations (PDEs). COMSOL
Multiphysics can o¤er a simulation environment that includes the capability to simulta-
neously coupling a system of PDEs and solving various physical e¤ects and processes.
In COMSOL Multiphysics, many predened physics interfaces such as heat transfer,
transport phenomena and batteries & fuel cells can be directly used to model common
multiphysics applications. Users also can directly enter PDEs (equation-based modeling)
to customize their simulations and solutions to satisfy their unique requirements. In this
thesis, the customized PDEs are used to describe the lithium-ion battery model; and
utilize the built-in heat transfer and uid ow interfaces to model the thermal e¤ects and
the transport phenomena.
Another advantage of COMSOL Multiphysics is that it provides all the essential pro-
cedures in the modeling process: adding physics, creating geometry, specifying equations,
dening parameters and variables, creating physics coupling, specifying boundary and ini-
tial conditions, meshing, adding studies and customizing solvers and then postprocessing.
All these steps can be nished in a graphical programming environment named Physics
Builder without the need for coding. Users also can make use of other software pack-
ages to work together with COMSOL, creating geometry, for instance, and importing to
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COMSOL. In this thesis, the axisymmetric geometry of a cylindrical lithium-ion battery
is created in AutoCAD [79] and the postprocessing is conducted with Matlab 2010b [80].
In addition, Comsol o¤ers three categories of functions, i.e., Analytic, Interpolation,
and Piecewise, and a number of templates such as ramp and random functions which
are employed in this thesis. For example, a smoothed Heaviside function is used for the
applied current. The current is then ramped up from zero to its specied value in a
period of time that is much smaller than the overall time scale to ensure convergence
without impacting the solution, as shown in Figure 4.1. The function employed can be
expressed as Y =c2hs(t;scale) in COMSOL which is a smoothed Heaviside function with
a continuous second derivative without overshoot. Y approximates the logical expression
Y = (t > 0) by smoothing the transition within the interval:  scale< t <scale. Then, Y
can be evaluated to be
Y =
8>>>>>>>>><>>>>>>>>>:
0; t 6  scale
c2hs(t, scale),   scale < t < scale
1; t > scale
. (4.1)
Note that di¤erent time scales are used according to the di¤erent overall time scales.
4.2 Finite element method
Finite element method is a numerical technique used to nd out the approximate solu-
tions of boundary value problems. The boundary value problems are also known as eld
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 t / s






Figure 4.1: Applied discharge current with a smoothed Heaviside function (time scale
equals to 0.01s) - N: the time current starts to ramp up from zero, H: the time current
reaches its specied value.
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problems and the eld is the object of interest. Similar to the idea that connecting many
straight lines of nite length to approximate a circle, the object (named as domain) is
then divided into very small nite-size elements. The governing di¤erential equations,
physical properties, boundary conditions are prescribed to each element which are then
solved as a group of simultaneous equations to approximate the larger objects behavior.
Generally, three essential steps are involved in the nite element method:
1. Preprocessing. The preprocessing is to construct a model of the object to be sim-
ulated and analyzed in which the geometry of the object is divided into a cer-
tain number of discrete elements with connected discrete points that are dened as
nodes. There are various shapes of nite elements such as one-dimensional shape
of line, two-dimensional shapes of triangle, rectangle and quadrilateral, and three-
dimensional shapes of tetragonal, structural/nonstructural hexagonal. The selection
of the shape of elements to generate the mesh for a computation should consider the
number of element and the degree of the interpolation function. A larger number of
elements can obtain more accurate result and a higher degree of the interpolation
function can lead to smaller error. However, a higher computational cost of larger
random access memory (RAM) is also required.
2. Computing. In this step, the nite element code will use the data prepared in the
preprocessing step to construct and solve a system of linear or nonlinear algebraic
equations.
3. Postprocessing. The computational results are obtained once the computing step
is completed. The results are typically represented by a point graph, line graph,
colored contours or many other forms.
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Chapter 5
A Monte Carlo simulation of a
lithium-ion battery model -
Correlating the uncertainties of
system parameters with safety issues
5.1 Introduction
As mentioned in the Introduction, a high homogeneity at the component level of a lithium-
ion battery is practically required due to its stringent intolerance to uncertainty [81,
82], it is di¢ cult to completely eliminate deviations from intended design during the
manufacturing process di¤erences in material and physical properties between cells are
random and inevitable. These uncertainties can have compounding e¤ects on the cell
temperature during cycling, with some properties/parameters having more signicant
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e¤ects on battery safety than others and thus contributing more to the overall uncertainty
of the cell safety [82]. Therefore, identication and quantication of these uncertainties are
benecial for the quality control that more emphasis should be placed on these inuential
properties to reduce and possibly minimize uncertainties in cell safety.
Experiments and tests can be conducted to quantify the tolerance to the safety risks
resulting from the uncertainties of system properties and operating conditions. However,
this can be costly and time-consuming. In recent years, promotions in both computation
capability and theoretical knowledge to electrochemical system have allowed mathematical
modeling to become an e¤ective tool to elucidate the salient features found in a battery.
A number of mathematical models [19, 32, 56, 57, 83, 84] have been developed and these
models have allowed cost-e¢ cient studies on lithium-ion batteries, including discharge
rates and lifecycles of the cells. There are also studies done on investigating the e¤ects
of the uncertainties of system properties on the battery performance. Sikha et al. [85]
presented a mathematical model to predict the e¤ect of changes in the electrode porosities
on the capacity fade in a lithium-ion battery. The model, however, only simulated poros-
ity variations with cycling of a single battery and failed to consider cell-to-cell variations
between large number of battery cells. Dubarry et al. [81] adopted an equivalent circuit
model of battery and conducted statistical analysis on 100 cells to quantify variations in
capacity due to variations in the amount of active material, polarization resistance and
kinetic factors. However, the relative importance of each parameter was not evaluated.
Later, Santhanagopalan and White [82] introduced an approach to relate uncertainties in
system parameters to the cell-to-cell variations. They utilized a mathematical model of
battery in the impedance domain and outlined a procedure to compare the relative im-
portance of uncertainties in the component properties. Nevertheless, their model can only
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estimate the sensitivity of the cell performance to the parameters of interest individually;
however, in most practical applications, it is hard to distinguish between variations in the
parameters. Furthermore, no modeling work has been reported to predict the e¤ect of
variations in system properties on battery safety issues.
In order to capture the random yet probabilistic nature of uncertainties in the para-
meters and their relative e¤ects on the battery temperature, a stochastic approach which
utilizes the Monte Carlo simulation (MCS) coupled with statistical analysis is proposed in
this study. A detailed, mechanistic model of a lithium-ion battery is simulated with varied
system parameters whose values are generated randomly from a population. The study is
conducted in two scenarios: (i) one parameter is varied while the others are kept constant;
and (ii) all parameters are varied simultaneously. Sensitivity analysis is conducted to cor-
relate the variations in the system properties, including geometrical properties, material
properties and operating condition, with the corresponding battery temperature. This
study provides a method to estimate not only the relative e¤ect of each parameter in a
battery cell individually but also the e¤ect of a combination of all the varied parameters,
thereby allowing us to identify and compare critical parameters on the overall risk of the
battery. A normality test on battery temperature is also conducted to suggest the nature
of the temperature distribution and the probability of occurrence of unwanted high tem-
perature. Manufacturers can then make use of these information to modify their processes
to allow stricter control on the manufacturing tolerances for the inuential parameters,
thereby reducing the number of faulty batteries leaking into the market, wastages and
overall cost of production.
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5.2 Mathematical formulation of lithium-ion battery
model
The battery cell considered in this study consists of negative electrode (LiC6), separator,
and positive electrode (LiMn2O4) sandwiched between two current collectors (copper
for the negative electrode and aluminum for the positive electrode), as illustrated by
the schematic in Figure 3.1. The porous electrodes and the separator are lled with a
lithium salt (LiPF6) in a non-aqueous liquid mixture solvent which acts as the electrolyte.
Two main scales are involved in the lithium-ion battery model. At the macroscale (see
Figure 3.1a), the model comprises of conservation of charge and species in the solid- and
liquid-phase as well as conservation of energy; at the microscale (see Figure 3.1b), the
conservation of species inside the active material is solved based on the di¤usion length
and a polynomial approximation [20, 78, 86].
One-dimensional transport occurring in the cell is considered and the computational
domain is shown in Figure 5.1. The governing equations are provided in Chapter 3; the
constitutive relations are listed in Chapter 3 except for the open circuit potential
 For the negative electrode
Uref;ne =  0:16 + 1:32 exp( 3ne) + 10 exp( 2000ne); (5.1)
 For the positive electrode
Uref;pe = 4:1983 + 0:0565 tanh( 14:554pe + 8:6094)  0:0275( 1
(0:9984  pe)0:4924
 1:9011)  0:1571 exp( 0:04748pe) + 0:8102 exp( 40(pe   0:1339));(5.2)
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and the entropic change









 For the positive electrode
@Uref;pe
@T
=  4:1453 + 8:1471pe   26:06452pe + 12:7663pe + 4:3127 exp(0:5715pe)
 0:1842 exp( pe   0:5169
0:0462
)2 + 1:2816 sin( 4:9916pe)  0:0904 sin( 20:9669pe
 12:5788) + 0:0313 sin(31:7663pe   22:4295): (5.4)
The boundary conditions are specied as:
 At the negative end:
s = 0;qx = 0; (5.5)
 At the current collector / electrode interface:
i sxj+ = i sxj ;qxj+ = qxj ; ilx = Nlx = 0; (5.6)
 At the electrode / separator interface:
isx = 0;qxj+ = qxj ; i lxj+ = i lxj ;N lxj+ = N lxj ; (5.7)
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 At the positive end:
isx =  iapp;qx = 0: (5.8)
A list of base parameters used in the present study can be found in Table 5.1. The
values of physical and geometry parameters used in this model are listed in Table
5.2.
Figure 5.1: Schematic of the computational domain of the lithium-ion battery.
5.3 Monte Carlo simulation
The full procedure of the MCS and analysis is presented as a ow chart in Figure 5.2. The
varied parameters Xi, as the input of the MCS, together with their nominal values are
listed in Table 5.1. The mean values Xi of Xi are assumed to equal the nominal values
and the standard deviations Xi are xed at 3 % of the mean, i.e., Xi=Xi = 0:03.
An important part of this study is sample size for the analysis. By the central limit
theorem, the arithmetic mean of a su¢ ciently large number of iterates of independent
random variables, each with predened population mean and standard deviation, will be
approximately normally distributed [89]. The maximum absolute error Erab of the sample
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Table 5.1: List of varied parameters.
Parameter Symbol Value Refs.
Geometrical properties
Thickness of positive current collector wpcc 2:5 10 5 m [87]
Thickness of positive electrode wpe 8 10 5 m [87]
Thickness of separator wsp 2:5 10 5 m [87]
Thickness of negative electrode wne 8:8 10 5 m [87]
Thickness of negative current collector wncc 1:8 10 5 m [87]
Material properties
Activation energy of di¤usivity of Li+ in positive electrode Ea;Ds;pe 20 kJ mol
 1 [39]
Activation energy of di¤usivity of Li+ in negative electrode Ea;Ds;ne 4 kJ mol
 1 [39]
Activation energy of di¤usivity of Li+ in electrolyte Ea;Dl 10 kJ mol
 1 [39]
Activation energy of conductivity of Li+ in electrolyte Ea;l 20 kJ mol
 1 [39]
Volume fraction of electrolyte in positive electrode "l;pe 0:44 [19]
Volume fraction of electrolyte in separator "l;sp 0:72 [19]
Volume fraction of electrolyte in negative electrode "l;ne 0:36 [19]
Particle radius of active material of positive electrode Rs;pe 8:5 10 6 m [19]
Particle radius of active material of negative electrode Rs;ne 12:5 10 6 m [19]
Operating condition
Initial temperature T 0 298:15 K -
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Table 5.2: Physical and geometry parameters.
Parameter Unit cc (-) ne sp pe cc (+) Refs.
c0l mol m
-3 - 2103 - [19]
Cp J kg-1 K-1 3.8102 7.0102 7.0102 7.0102 8.7102 [39]
cmaxs mol m
-3 - 2.6104 - 2.3104 - [19]
c0s mol m








2 s-1 - 3.910-14 - 1.010-13 - [19]
Ea;Dl J mol
-1 - 1.0104 - [39]
Ea;Ds J mol
-1 - 2.0104 - 4.0103 - [39]
Ea; l J mol
-1 - 2.0104 - [39]




2.5 m-6.5 s-1 - 210-11 - 210-11 - [19]
Rs m - 12.510-6 - 8.510-6 - [19]
Ta; Tref ; T
0 K 298.15 [39]
wi m 1.810-5 8.810-5 2.510-5 8.010-5 2.510-5 [87, 88]
a; c - - 0.5 - 0.5 - [19]
"f - - 0.14 - 0.19 - [19]
"l - - 0.36 0.72 0.44 - [19]
"p - - 0.03 - 0.07 - [19]
0i - - 0.56 - 0.17 - [19]
 kg m-3 9.0103 1.9103 1.2103 4.1103 2.7103 [19, 39]
s S m-1 6.0107 1.0102 - 3.8 3.8107 [39]
Constants Unit Values Refs.
F C mol-1 96487 -
iapp A m-2 12 (1C) -
t+0 - 0.363 [19]
R J mol-1 K-1 8.314 -
 - 1.5 [19]
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Figure 5.2: Flow chart of Monte Carlo simulation.
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mean xi when estimating the population mean Xi is given by
Xi   ximax = Erab = z=2 XipNcritical = ErreXi, (5.9)
where z=2 is the upper 100(1 =2)th percentile of the standard normal distribution at a
signicance level of , Erre is the relative error of the sample mean to population mean.







In order to verify the representativeness of the sample to its population, a one-sample
Kolmogoroc-Smirnov (K-S) test is conducted [90]. At a signicance level of KS, if the
pKS-value (the probability of rarity of the result) is less than KS, it shall be concluded
that the sample is not representative of the population. Samples which fall under this
category will have to be redrawn.
Once the representative sample of each varied parameter is determined, the MCS will
be conducted. The varied parameters Xi will be varied in two ways to estimate their
e¤ects on the battery temperature Y : (i) one parameter is varied while the others are
kept constant (IND); and (ii) all the parameters are varied simultaneously (SIM). The
former allows to examine the individual e¤ect of Xi on Y , whilst the latter can study the
combined e¤ects of all the Xi on Y as in the real world context when all the parameters
would vary together.
Sensitivity analysis is then performed in order to quantify how uncertainty of the
battery temperature obtained from the MCS can be assigned to the varied parameters
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where Y and Y are the standard deviation and mean of the cell temperature respectively.
As Y and Y are unknown in this study, the sample mean y and standard deviation sy




On the other hand, for the SIM simulations, the sigma-normalized derivative method [94]







the derivative @Y=@Xi is obtained from the tting of the varied parameters as the input
for the MCS and the battery temperature obtained as the output from MCS by the simple
linear regression [91, 92, 94] which is presented as






where b0 and bXi are determined by least square computation, j is the sequence number of
simulation runs, n is the total number of varied parameters in this study. The standardized
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equivalent bxi, in the case of linear model, is equivalent to SXi, and is given by
bXi = XiY bXi = SXi. (5.15)
Similarly, the sample standard deviations sxi and sy are used.
In addition, the nal cell temperature T f obtained from SIM simulations will be tested
for normality by Lilliefors test [95]. This test allows us to evaluate if the distribution of
battery temperature remains normal. At a signicance level of L, if the pL-value is
less than L, it is concluded that the temperature distribution does not follow a normal
distribution on the basis of probabilities.
5.4 Numerics
The mathematical model of lithium-ion battery was solved by the commercial nite-
element solver, COMSOL Multiphysics 4:3b [96]. The direct solver MUMPS was chosen
as linear solver with a convergence of 10 3. The computations were conducted on a
computer with two quad-core processors (3:07 GHz, with a total of eight processor cores)
and 24 GB random access memory (RAM).
The randomized samples of all the varied parameters were generated by the in-built
random function in COMSOL Multiphysics. A parametric sweep study was also employed
to obtain the cell temperature at various randomly generated varied parameter values. A
stop condition was specied in the Time-Dependent Solver. The solver stops when the
specied stop condition is fullled and the parametric study continues to next sweep.
The K-S test, Lilliefors test and the post-processing of the output data for the sensi-
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tivity analysis were conducted in MATLAB R2010b [80].
5.5 Results and discussion
The simulations are carried out for the lithium-ion battery during galvanostatic discharge.
The varied parameters are given as input of the MCS.
Two specic discharge currents, 1 C-rate and 5 C-rate are studied and the cut-o¤ volt-
age is set to be 2:8 V, which is used as the stop condition in the solver as aforementioned.
At the cut-o¤ voltage, the nal temperature of all the functional layers of the battery are
averaged to obtain the cell temperature T f .
5.5.1 Sample selection
Assuming there is good agreement between the population mean Xi and sample mean
xi, the relative error Erre is set to be 1%. At a signicance level of  = 0:01, referring to
the z-score table [90], the upper 99:5th percentile z=2 is given by 2:576. Hence the critical
sample size Ncritical is calculated by Eq. 5.10 and the value is rounded up to 60.
The K-S test has been conducted on each sample, and the test results are tabulated in
Table 5.3. The signicance level of KS = 5% is smaller than the pKS-value of each sample,
hence the di¤erence between the population and the sample is statistically negligible. In
other words, the sample has a good representativeness of the population.
5.5.2 Sensitivity analysis
As mentioned in previous section, sensitivity analysis is capable to evaluate which varied
parameters have the most inuence on the battery temperature. For the sake of compar-
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Table 5.3: pKS-value of K-S test on samples distribution.
IND SIM
1 C 5 C 1 C 5 C
wpcc 0:48 0:26 0:65 0:49
wpe 0:86 0:47 0:67 0:47
wsp 0:69 0:36 0:28 0:55
wne 0:29 0:19 0:15 0:17
wncc 0:48 0:56 0:74 0:12
Ea;Ds;pe 0:36 0:62 0:99 0:34
Ea;Ds;ne 0:68 0:46 0:12 0:33
Ea;Dl 0:65 0:39 0:74 0:51
Ea;l 0:26 0:54 0:21 0:62
"l;pe 0:28 0:70 0:06 0:16
"l;sp 0:90 0:61 0:76 0:69
"l;ne 0:40 0:48 0:58 0:19
Rs;pe 0:85 0:59 0:26 0:70
Rs;ne 0:42 0:35 0:47 0:78
T 0 0:81 0:40 0:50 0:60
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ison, the ratio of deviation and mean of the varied parameters is xed to be 3 % in this
study. However, it should be noted that in real manufacturing processes, the ranges of
variations may di¤er for di¤erent parameters.
Sensitivity of battery temperature T f to the varied parameters for scenario IND at 1
C and 5 C-rates is rst performed. The relative e¤ect of each parameter on T f is ranked
by the coe¢ cient of variation cv;i, as presented in Figure 5.3. For both discharge currents,
the top three contributing parameters are T 0, wpe and wne. However, the e¤ectiveness of
T 0 on T f relative to the next parameter in line decreases from approximately 2:4 times at
1 C-rate to around 2:0 times at 5 C-rate. Furthermore, the e¤ectiveness of "l;ne and Rne
rises as the discharge rate increases, while at the same time, Rpe is relegated to have less
e¤ect. Hence, the thickness of both electrodes, the porosity and the radius of the active
material at the negative electrode play a greater role in increasing the battery temperature
during discharge. Activation energies, on the other hand, have minimal contributions at
both discharge currents compared to other parameters.
For the scenario SIM, the sensitivity of T f to each varied parameter at each C-rate
is instead ranked by the sigma-normalized derivative SXi method, and the rankings are
provided in Figure 5.4. The results are similar to those of IND apart from: (i) the drop
in the e¤ectiveness of T 0 on T f relative to the next parameter in line is slightly more
pronounced, from approximately 2:4 at 1 C-rate to about 1:8 times at 5 C-rate; and (ii)
Rpe is relegated to have minimal inuence on T f on both discharge rates. Finally, the
sum of b2Xi which is equivalent to r2 in the linear regression is calculated to be 0:96 for
1 C-rate, which implies that 96% of the variations in the varied parameters Xi and the
cell temperature T f obtained from MCS are captured by the linear model. However, the
value dropped to 0:85 at 5 C-rate which implies higher order interactions between Xi and
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Figure 5.3: Rankings of varied parameters at (a) 1 C-rate; (b) 5 C-rate using the coe¢ cient
of variance method.
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T f at higher current.
In addition to the quantitative rankings, scatter plots can also be used to compare
the inuence of the varied parameters on the temperature. Evaluation for IND scenario
is based on the spread of the cell temperature T f to the varied parameters; while the
shapeness of the plots is analyzed for SIM scenario, where poor shapeness represents poor
overall inuence on the cell temperature. For ease of evaluation, the top three variables in
each scenario whose scatter plots have the largest spreads for IND and the most shapeness
for SIM at 5 C-rate are shown in Figure 5.5. In the top three scatter plots of IND (see
Figure 5.5a, c, e), T 0 has the largest spread of data and is the most inuencing parameter
on T f , followed by parameters wpe and wne. Similar sequence of parameters is obtained
for the scatter plots of the SIM scenario in which T 0 has the bestshapeness as compared
to the others (see Figure 5.5b, d, f). The use of scatter plots visually assesses the e¤ect
of the varied parameters on the cell temperature; and further exemplies the convenience
of using quantitative analysis as presented earlier.
Besides the analysis above, it is also noteworthy that in Botte et al.s study [97], they
found that thinner electrodes lead to lower heat generation and thus a lower cell tem-
perature at the cut-o¤ voltage under a constant discharge C-rate. However, the opposite
trends of electrode thickness versus temperature are found in the present study as shown
in Figure 5.5c and e. This is due to the fact that the capacity of the battery varies with
the thickness of the electrode. With other system parameters unchanged, the thinner the
electrode is, the lower the capacity will be and vice versa. While the value of discharge
current density is xed in this study which means the battery is discharged with a higher
C-rate than the pre-specied, i.e., 5 C in this case, when the thickness becomes thinner
than the nominal value and lead to higher temperature and vice versa.
62












 -0.34  -0.33
 -0.12  -0.10
 -0.07  -0.06





 -0.00  -0.00












 -0.40  -0.37
 -0.12  -0.11  -0.10  -0.09




 0.01  0.00 0.00
 T0  wpe  wne el, ne  wpcc  wsp  wncc el, sp Ea,DlEa,Ds,ne Rs, neel, pe  Rs, pe Ea,Ds,pe Ea,sl
Figure 5.4: Rankings of varied parameters at (a) 1 C-rate; (b) 5 C-rate using the sigma-
normalized derivative method.
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Figure 5.5: Scatter plots of battery temperaturevs. top three ranked parameters in the
sensitivity analysis at 5 C-rate: (a, c, e) varied each parameter individually; (b, d, f)
varied all the parameters simultaneously.
64
5.5. RESULTS AND DISCUSSION
5.5.3 Final cell temperature distribution
Lilliefors tests have been carried out on the distribution of T f to verify its normality for
battery discharge under 1 C and 5 C-rates. The null hypothesis is proposed that the
sample of cell temperature is from a normal distributed population. While the signi-
cance level of L = 5% is smaller than the calculated statistic pL-value which is 0:30 for 1
C-rate and 0:08 for 5 C-rate, therefore the null hypothesis is accepted at this signicance
level. However, the reduction in pL-value suggests possible decrease in condence in the
normality of the distribution from 1 C-rate to 5 C-rate. To verify this, the distributions
of T f against the normal density function tted from the mean, y, and standard devi-
ation, sy, of the sample at 1 C and 5 C-rates are shown in Figure 5.6. At the lower
discharge rate (see Figure 5.6a), the distribution of T f followed the estimated population
distribution to a large degree. Similar distribution of T f is observed at 5 C-rate (see
Figure 5.6b), but the distribution follows the estimated population distribution to a less
degree. Furthermore, at the higher discharge rate, the temperature deviation from the
expected distribution is observed to be more signicant at the right-hand side as shown
in Figure 5.6b. This suggests that variations in parameters have possible cumulative ef-
fects on the cell temperature, thereby leading to higher than expected occurrences of high
temperature. The relative frequencies can also be interpreted to be the probabilities of
events occurring in a real application. The higher the value, the greater the probability
of occurrence. The results show that it is possible for the underestimation of overheating
risk if the distribution of battery temperature is assumed to follow a normal distribution.
As a result, thermal management systems might be under-sized and not be adequately
designed. Catastrophic battery failures can be attributed to cells undergoing thermal
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runaway due to high temperature. This directly translates to increased risk of thermal
runaway.
In this chapter, a procedure which couples Monte Carlo simulation with statistical
analysis is outlined and performed on a physics-based electrochemical model of a lithium-
ion battery. A wide range of parameters, including material properties, geometrical prop-
erties, as well as operating condition, are studied as input of the battery model. These
parameters may introduce uncertainties to the battery system that are associated with
safety issues. Each parameter is assumed to follow a normal distribution and is varied
randomly. The cell temperature is correlated to the variation of each parameter and all
the varied parameters are then ranked according to their relative inuence on the cell
temperature. The sensitivity analysis is performed in two ways: (i) varying one modeling
parameter at a time; and (ii) varying all the parameters simultaneously for each MCS.
The former allows to evaluate the e¤ect of individual parameter on the temperature of
the battery, whilst the latter investigates the overall e¤ect of the combination of varied
parameters on the temperature, as in real life whereby all the parameters involved in
the battery will vary at the same time. Two di¤erent methods are employed to quan-
tify the rankings in this study, and they show relatively similar rankings with top three
contributing parameters T 0, wpe and wne but at di¤erent degrees of correlation. Nor-
mality verication is also conducted on the distribution of the battery temperature. It
is found that the distribution has greater deviations from normality at higher discharge
rate, particularly more occurrences of higher temperature, i.e., at the right-hand side of
the distribution. This suggests higher possibility of risks if the design of cooling systems
for the battery fails to account for the possibility of increased load. The present Monte
Carlo simulation can also be extended to investigate the e¤ect of other system variables
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Figure 5.6: Sample distribution of battery temperature for the scenario of all the para-
meters varied simultaneously at (a) 1 C-rate; (b) 5 C-rate. Solid curve: normal density
function tted from sample mean and standard deviation.
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on the temperature and performance of the battery cell.
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Chapter 6
Analysis of capacity fade distribution
of a cylindrical lithium-ion battery
6.1 Introduction
In the last chapter, the probabilistic nature of uncertainties in the battery system prop-
erties and the operating conditions and their relative importance to the temperature of
a lithium-ion battery cell have been statistically studied and analyzed by a Monte Carlo
simulation. In this chapter, the distribution of capacity fade during cycling of a cylindrical
lithium-ion battery is investigated.
A number of modeling works have been conducted to investigate the non-uniform be-
havior occurring during battery operation. Paul et al. [98] introduced a thermal-electric-
ageing model for a lithium-ion battery system to analyze the ageing non-uniformities
among battery cells. They found that there are discrepancies in cells degradation which
are caused by temperature and global state-of-charge (SOC) non-uniformities at a cell-
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to-cell level. However, battery also faces the issues of localized non-uniformities such
as the non-uniform local current density distribution [99, 100], the non-uniform local
temperature distribution [99] and the non-uniform local SOC distribution [101] that sug-
gest a non-uniform distribution of capacity fade will develop within a battery cell during
operation. This is detrimental for long-term operation of large scale applications using
lithium-ion batteries as power sources. Awarke et al. [102] conducted a modeling work
to study the localized non-uniformities of capacity fade of a at pouch cell. Due to the
complexity in cell structure, the mass and charge transport inside cylindrical battery will
be di¤erent from that of at geometry. Somasundaram et al. [86] have reported to found
the non-uniform utilization of active material of a spiral-wound lithium-ion battery; some
authors [44, 103] found the non-uniform temperature distribution of a cylindrical 18650
lithium-ion battery during both charge and discharge processes. No studies have been
reported to work on the distribution of capacity fade in a cylindrical battery.
In the view of the facts mentioned above, the aim of this chapter is to conduct a
numerical study to investigate if a non-uniform capacity fade will develop during operation
within a cylindrical lithium-ion battery cell. A mechanistic model of lithium-ion battery
[86] coupled with a rst principles capacity fade model [53, 56] is employed to predict
both the electrochemical/thermal behavior and the distribution of capacity fade in the
battery. The battery cell in this simulation is cycled under a multistage operating scenario:
initially the cycle starts from open-circuit state to constant current (CC) discharging at
1 C-rate till the cut-o¤ voltage which is set to be 3:0 V; afterwards the load switches to
constant current (CC) charging at 1 C-rate without relaxation till the cut-o¤ voltage of
4:2 V and followed by constant voltage (CV) charging until the cut-o¤ current is reached;
the cycle ends up with relaxation at open-circuit state until a total operation time of 3
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hrs. The distribution of capacity fade is locally estimated for a single electrode during
a cycle; and the capacity fade between electrodes is also compared with respect to the
number of cycles.
6.2 Mathematical formulation
Figure 6.1a shows a schematic of a commercially available cylindrical (18650-type) spiral-
wound lithium-ion battery that is considered in this study. The battery is resolved by
an axisymmetric two-dimensional cross-section as displayed in Figure 6.1b. Various func-
tional layers are cut into long strips that are wrapped together like a jelly roll. The jelly
roll structure is surrounded by electrolyte and connected with the outer casing (stain-
less steel) by the current collector tab (copper). A basic unit in the cell is illustrated
in Figure 6.1c: a positive current collector (aluminum) covered with double-sided posi-
tive electrodes (LiCoO2), a negative current collector (copper) coated with double-sided
negative electrodes (LixC6) and a separator (Celgard 2400) placed between them. An
electrolyte solution of 1 M LiPF6 in an ethylene carbonate/dimethyl carbonate solvent is
lled in the porous structure of the porous electrodes and the separator. The dimensions
of each layer are obtained from a SONY cell [87] and the number of wounds, n as shown
in Figure 6.1b, is 15 in all.
The mechanism of capacity fade considered here is assumed to be dominated by the
loss of active material due to the electrolyte reduction reaction and the formation of the
solid electrolyte interface (SEI) on the negative electrode during charge process (both
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Figure 6.1: Schematic of (a) a cylindrical 18650 lithium-ion battery; (b) an axisymmetric-
section of the spiral-wound battery with the structure of various functional layers; (c) a
basic unit of the jelly roll comprising a single cell; (d) agglomerate structure of lithium
in active material in the electrodes. Roman numerals: indicating the interfaces and
boundaries of these layers.
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constant current and constant voltage charging) with the side reaction expressed as [56]
Solvent+ 2Li+ + 2e  ! Product. (6.1)
The governing equations are given in Chapter 3; the constitutive relations for the
battery model can be found in Chapter 3 except for the open circuit potential
 For the negative electrode
Uref;ne = 0:13966 + 0:6892 exp ( 49:20361ne) + 0:41903 exp ( 254:40067ne)
  exp (49:97886ne 43:37888)  0:028221 arctan (22:523ne
 3:65328)  0:01308 arctan (28:34801ne 13:4396); (6.2)
 For the positive electrode
Uref;pe = 4:04596+ exp ( 42:30027pe+16:56714)  0:0488 arctan (50:01833ne
 26:48897)  0:05447 arctan (18:99678ne 12:32362)
  exp (78:24095ne 78:68074); (6.3)
and the entropic change
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(0:00527 + 3:29927ne   91:793262ne + 1004:911013ne
 5812:278134ne + 19329:75495ne   37147:89476ne
+38379:181277ne   16515:053088ne)
(1  48:09287ne + 1017:23482ne   10481:804193ne
+59431:300014ne   195881:64885ne + 374577:31526ne
 385821:16077ne + 165705:85978ne)
; (6.4)




 0:19952 + 0:92837pe   1:364552pe + 0:611543pe
1  5:66148pe + 11:476362pe   9:824313pe + 3:048764pe
: (6.5)
The constitutive relations for the capacity fade e¤ect are expressed as
 Local charge transfer current density
J =
8>>>>>>>>><>>>>>>>>>:






 Overpotential of faradaic reaction
 =
8>>>><>>>>:
s   l   Uref; ne   (ifara + iside)RSEI
s   l   Uref; pe
; (6.7)
 Overpotential of side reaction
side = s   l   U refside   (ifara + iside)RSEI; (6.8)
 Local current density of side reaction
iside =
8>>>><>>>>:
 i0;side exp( cFRT side) (charge)
0 (discharge)
; (6.9)



















The boundary conditions for this model are given as
 At ground (II):
s = 0;n  q = 0; (6.13)
 At current collector / electrode interface (VII):
n  i sj+ = n  i sj ;n  q+ = n  q ;n  il = n Nl = 0; (6.14)
 At electrode / separator or electrolyte interface (III, VIII, XI):
n  is = 0;n  q+ = n  q ;n  i lj+ = n  i lj ;n N lj+ = n N lj ; (6.15)
 At separator / electrolyte interface (XII):
n  q+ = n  q ;n  i lj+ = n  i lj ;n N lj+ = n N lj ; (6.16)
 At current collector or tab / electrolyte interface (X, XIII):
n  i sj+ = n  i sj ;n  q+ = n  q ;n  il = n Nl = 0; (6.17)
 At separator or electrolyte / casing interface (IV, VI):
n  q+ = n  q ;n  il = n Nl = 0; (6.18)
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 At the outer surface of casing (V):
n  q = h(T   Ta); (6.19)
 At current collector / tab interface (IX):
n  i sj+ = n  i sj ;n  q+ = n  q ; (6.20)
 At positive end (I):
n  is =  iapp;n  q = 0: (6.21)
The physical properties are also listed for the lithium-ion battery model (see Table
6.1) and the capacity fade e¤ect (see Table 6.2).
6.3 Numerics
The mathematical model of lithium-ion battery was solved by the commercial nite-
element solver, COMSOL Multiphysics 4:4 [106]. The direct solver MUMPS was chosen
as linear solver with a convergence of 10 4. The computations were conducted on a
computer with two quad-core processors (3:07 GHz, with a total of eight processor cores)
and 24 GB random access memory (RAM).
Noteworthy was that a relational operator was introduced for the exchange current









Table 6.1: Physical and geometry parameters.
Parameter Unit cc (-) ne sp pe cc (+) Refs.
c0l mol m
-3 - 1103 - [53]
Cp J kg-1 K-1 3.8102 1.4103 2.0103 1.3103 8.7102 [104]
cmaxs mol m
-3 - 3.1104 - 5.1104 - [53]
c0s mol m








2 s-1 - 3.910-14 - 1.010-13 - [97]
Ea;Dl J mol
-1 - 1.0104 - [39]
Ea;Ds J mol
-1 - 3.5104 - 2.9104 - [39, 97]
Ea; k0 J mol
-1 - 2.0104 - 5.8104 - [105]
Ea; l J mol
-1 - 2.0104 - [39]




2.5 m-6.5 s-1 - 1.810-11 - 6.710-11 - [105]
Rs m - 12.510-6 - 8.510-6 - [19]
Ta; Tref ; T
0 K 298.15 -
wi m 1.810-5 8.810-5 2.510-5 8.010-5 2.510-5 [19, 88]
a; c - - 0.5 - 0.5 - [19]
"f - - 0.03 - 0.07 - Assumed
"l - - 0.44 0.72 0.37 - [53, 57]
"p - - 0.14 - 0.19 - Assumed
0i - - 0.83 - 0.48 - [56]
 kg m-3 9.0103 1.9103 1.0103 2.3103 2.7103 [104]
s S m-1 6.0107 1.0102 - 1.0102 3.8107 [39]
Constants Unit Values
F C mol-1 96487
iapp A m-2 27 (1C)
t+0 - 0.367
R J mol-1 K-1 8.314
 - 1.5
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Table 6.2: Values of parameters used for the capcity fade model.
Parameter Symbol Value
Local equilibrium potential of side reaction [53] U refside 0:4 V
Exchange current density of side reaction [102] iref0;side 5 10 4 A m 2
Molecular weight of SEI layer [56] MSEI 0:1 kg mol 1
Conductivity of SEI layer [102] SEI 5 10 6 S m 1
Density of SEI layer [53, 56] SEI 2:1 103 kg m 3
Initial resistance of SEI layer [102] R0SEI 1 10 3 
 m2
where the ifara is the local charge transfer current density of the faradaic reaction occurring
during charge/discharge process, ireffara and i
ref
0;side are the reference current densities of the
faradaic reaction and the side reaction respectively.
The cycles were executed by employing a parametric study on the cycle number. All
the solutions of each cycle were stored in the parametric solver and the last stored solutions
of all the dependent variables in each cycle were used as initial values for next cycle.
6.4 Results and discussion
6.4.1 Validation
To ensure a valid numerical solution, the lithium-ion battery model coupled with a ca-
pacity fade model is validated against the experimental data by Ramadass et al [52].
The comparison between the predicted cell voltage proles of the battery cell and its
experimental data is presented in Figure 6.2. The maximum relative error between the
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experimental and modeling results is around 3% at the 10th cycle and 2:4% at the 400th
cycle and good agreement is obtained between model prediction and experiments of dif-
ferent cycles.
Figure 6.2: Validation of capacity fade model with experimental data [52].
6.4.2 Global behavior
First, the global behavior of the cylindrical lithium-ion battery is predicted in terms of the
cell potential and the corresponding current density proles of a typical cycle as can be
seen in Figure 6.3. As dened previously, the battery is cycled with a multistage scenario.
It starts to discharge with constant current and the cell voltage decreases gently. A sudden
drop in cell voltage is observed before the cut-o¤ voltage is reached. Subsequently, the
process switches to the constant current charge mode once the cell voltage is lower than
the cut-o¤ value for discharge; the constant current charging continues until the cut-o¤
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voltage of charge is reached. Next stage is the constant voltage charging that the cell
is charged with the current density decreasing gradually until its value is lower than the
cut-o¤ current and the charge process stops. The cell will maintain open-circuit state till
the full cycle time reaches 3 hrs and then proceed to the next cycle.
Figure 6.3: Cell potential (solid line) / current density (dotted line) vs. time during the
50th cycle.
6.4.3 Distribution of capacity fade
As assumed, the side reaction only occurs during the charge mode, i.e., the constant
current and constant voltage charging. Therefore, the following discussion only shows the
results of charge processes.
First, the distribution of capacity fade at a single negative electrode is discussed.
Here the negative electrode of the outermost wound (j= 15 as shown in Figure 6.1b)
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is exemplied and similar results can be obtained for the negative electrodes of other
wounds.
The side reaction rate, characterized by the side reaction current density, varies during
di¤erent charge modes, as can be seen from Figure 6.4. Each electrode resides between a
separator and a current collector (see Figure 6.1b); and the side reaction current density
increases during constant current charging mode at both sides of the electrode. This is
caused by the decreasing side reaction overpotential during constant current charging as
presented in Figure 6.5a and c. On the contrary, a decreasing side reaction rate is observed
during constant voltage charging which is related to the decreasing in the exchange current
density of side reaction as shown in Figure 6.5b and d.
Figure 6.4: History of side reaction current density for the negative electrode of the
outermost wound during the 50th cycle: current collector side (solid line); separator side
(dotted line).
On closer inspection, non-uniform side reaction rate is developed along the thickness
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direction of the electrode. The side reaction rate is higher at the separator side than that
at the collector side during the constant current charging and the case is opposite during
the constant voltage charging. Return to the equation of the side reaction, iside (see Table
??), the side reaction rate is related to the exchange current density and the overpotential
of side reaction. During constant current charging, the exchange current density of side
reaction has a relatively uniform distribution across the electrode and the side reaction
rate is dominated by the side reaction overpotential as shown in Figure 6.5a and b. The
electrolyte potential, l, is higher at the separator side than that at the current collector
side during constant current charge process; while the solid phase potential, s, is fairly
uniform across the electrode due to the high electrical conductivity [102]. Hence, the side
reaction overpotential is higher at the current collector side than that at the separator
side, which in turn leads to a higher side reaction rate at the separator side (see Figure
6.5a). As the process switches to constant voltage charging, the exchange current density
decreases with the faradaic current and dominates the side reaction (see Figure 6.5c and
d). Higher exchange current density is observed at the current collector side and leading
to a higher side reaction current density at this side during constant voltage charging (see
Figure 6.4).
The distribution of capacity fade is not only judged on a single electrode, but also on
the electrodes at di¤erent locations. Instead of considering the localized distribution of
capacity fade at a single electrode, the average capacity fade of each electrode is calculated
for comparison. Here, the capacity loss of the negative electrodes of the outermost (j= 15
as shown in Figure 6.1b) and innermost (j= 1 as shown in Figure 6.1b) wounds, which have
the farthest distance apart from each other, is compared. Figure 6.6 shows the comparison
of the averaged side reaction rate of the innermost and the outermost negative electrodes
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Figure 6.5: Surface distributions of side reaction overpotential and side reaction current
density for the negative electrode of the outermost wound during the 50th cycle: (a, b)
5000 s (halfway of constant current charge); (c, d) 7000 s (halfway of constant voltage
charge).
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during charging within one cycle. Slight deviations are observed during constant current
charging. However, the e¤ect of deviation is o¤set themselves by an alternative oscillation
in the magnitude of side reaction rate. No such deviations have been observed during the
constant voltage charging. The uniformity in side reaction rate results a uniform capacity






where Qloss is the volume-averaged capacity loss at the negative electrode surface during











where Ane is the surface area of the negative electrode, As is the specic surface area for
the side reaction per unit volume; and Qref is the reference capacity of the electrode that
is given by [102]
Qref = Fcmaxs . (6.25)
The averaged capacity fade among electrodes is uniform can also be justied by the
resistance increase and normalized capacity loss with cycles as presented in Figure 6.8.
Both of them have linear relations with cycles and no deviation has been observed between
the innermost and the outermost electrodes.
In this chapter, a numerical study of a mechanistic model coupled with a rst principles
based capacity fade model for a cylindrical lithium-ion battery has been conducted in order
to study if a non-uniform capacity fade will develop in the battery during cycling. The
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Figure 6.6: Comparison of side reaction current density during the 50th cycle: outermost
electrode (solid line); innermost electrode (dotted line).
Figure 6.7: Comparison of the normalized capacity loss during the 50th cycle: outermost
electrode (solid line); innermost electrode (dotted line).
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(a)
(b)
Figure 6.8: Comparison of (a) cumulative resistance increase and (b) cumulative normal-
ized capacity loss with cycles of the outermost (solid line) and innermost (dotted line)
electrodes.
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battery is resolved by an axisymmetric two-dimensional cross-section and cycled with a
multistage operation scenario. The capacity fade only occurs at the negative electrode
during charge process and is dominated by the electrolyte reduction reaction and the
formation of SEI layer. The distribution of capacity fade at a single electrode is locally
evaluated by comparing the side reaction rate at di¤erent sides of the electrode across the
thickness direction; and the capacity fade between di¤erent electrodes is also compared. It
is found that a non-uniform capacity fade across the surface of a single electrode along the
thickness direction is locally developed that is associated with both of the overpotential
and the exchange current density of the side reaction. However, the average capacity fade
is found to be uniform among di¤erent electrodes within one cycle by comparing the side
reaction current density and the capacity loss; and the uniform capacity fade is further
justied by the uniformities in both of the resistance increase and the cumulative capacity
loss.
Apart from the results mentioned above, this study also suggests that a one-dimensional
mechanistic model coupled with a capacity fade model is accurate enough to predict the
capacity fade of the cylindrical battery. It will reduce the computational cost and time.
Further study can be extended to examine the uniformity of capacity fade by including




Numerical investigation of air
cooling for a lithium-ion battery
module
7.1 Introduction
In next two chapters, the performance of two di¤erent thermal management systems for
lithium-ion batteries at a module/pack level is numerically investigated. In this chapter,
the air cooling for a battery module of cylindrical cells is rst discussed.
The active battery thermal management system comprising forced air cooling has been
widely employed because such cooling system is easier and less cost for implementation
and maintenance. In tandem with experimental investigations, a number of numerical
studies have also been conducted to analyze the battery thermal behavior and the air
cooling performance [21, 64, 65, 66, 68, 69, 70, 71]. As mentioned in the literature review,
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however, the heat generation of the batteries was either measured from experiments, or
described by a lumped thermal model. No attempt has been done to evaluate the heat
generation on the local level accounting for each functional layer of every single cell within
the battery.
In the view of the lack of detailed, a mechanistic model of lithium-ion battery that
can predict both electrochemical and thermal behavior on a local level is employed to
investigate the design and operation of an active thermal management based on forced
air cooling for a battery module. In essence, the cells in the battery module (see Figure
7.1) are commercial 18650 type cylindrical lithium-ion batteries and the arrangement of
the cells adopts the design of a commercially available A123 HymotionTM battery pack
(details of pack conguration refer to Ref. [108]. All the battery cells in the simulations
are operated under a multistage operating scenario: the operation starts from open-
circuit state to constant current discharge at 1 C-rate till the cut-o¤ voltage which is
set to be 3 V; afterwards the current load switches to constant current charge at 1 C-
rate without relaxation till the cut-o¤ voltage of 4:2 V followed by the constant voltage
charging and the operation ends up once the cut-o¤ current is reached. The performance
of the thermal management system is evaluated in terms of a wide range of design and
operation parameters such as the air inlet velocity, cell arrangement, and cell distance; a
reversal air ow is also considered.
7.2 Mathematical formulation
Di¤erent from other studies, the electrochemical-thermal battery model is solved for every
single cell in the module by resolving each cell with a one-dimensional geometry as illus-
90
7.2. MATHEMATICAL FORMULATION
Figure 7.1: Schematic of a lithium-ion battery module.
trated in Figure 5.1. The battery module together with the air ow, see Figure 7.1, are
of periodic character (refer to AA-BB section), allowing to reduce the computational do-
main by introducing unit module, see Figure 7.2. Two cell congurations, in-line and
staggered, are considered in this study. Each unit module is composed of 22 cells and the
position of each cell is indicated as P1-P11 for in-line conguration and P1-P11/P1-P11
for staggered conguration. The physical and geometry properties are listed in Table 7.1.
7.2.1 Governing equations
7.2.1.1 One-dimensional electrochemical-thermal model of a lithium-ion bat-
tery
In the battery module, every single lithium-ion battery cell is comprised of ve functional
layers: copper negative current collector, negative carbon electrode, separator, LiCoO2
positive electrode and aluminum positive current collector. Each of the lithium-ion battery
cells is resolved by a one-dimensional geometry, as shown in Figure 5.1. An electrolyte
solution of 1 M LiPF6 in an ethylene carbonate/dimethyl carbonate solvent is lled in
the porous structure of the electrodes and the separator. Two main scales are involved in
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Table 7.1: Geometry and air properties.
Parameter Unit Value Refs.
Cp;air J kg 1 K 1 1:006 103 [109]
kair W m 1 K 1 0:0255 [109]
p Pa 101325 [109]
air kg m
 1 s 1 1:835 10 5 [109]
air kg m
 3 1:185 [109]
Lin m 0:054 -
Lbank (base-case) m 0:288 -
Lexit m 0:054 -
S1 (base-case) m 0:027 -
S2 (base-case) m 0:027 -
D m 0:018 -
Uair;in (base-case) m s 1 1 -
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Figure 7.2: Schematic of the computational domain of two-dimensional battery module
of di¤erent congurations: (a) in-line; (b) staggered.
the lithium-ion battery model. At the macroscale, the model comprises of conservation of
charge and species in the solid- and liquid-phase. The governing equations can be found
in Chapter 3. The parameters and constants of the battery cells are summarized in Table
6.1. The constitutive relations are summarized in Chapter 3 and Chapter 6 (refer to Eqs.
6.2 - 6.5).
7.2.1.2 Thermal-uid conjugate model of a lithium-ion battery module
The air is assumed to be incompressible and the conservation of mass, momentum and
energy can be expressed as

















+ u  rT ) = r  (kairrT ); (7.3)




= r  (kbrT ) +Qn, (7.4)







, i = all components; (7.5)









, i = all components; (7.6)
and Qn is the heat generation of the nth cell in the module (n is the sequence number of
the cell).
7.2.1.3 Coupling of models
The one-dimensional battery models and the two-dimensional thermal-uid conjugate
model are interactively coupled. As depicted in Figure 7.3, the volume-averaged heat
generation of each cell, Qn is obtained by averaging the heat source terms of all the
functional layers and used in the two-dimensional model as heat source terms of their
corresponding cells. Similarly, the temperature of each cell in two-dimensional model is
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obtained by averaging the cell temperature and returned their values to the corresponding
one-dimensional battery models.
Figure 7.3: Coupling of the one-dimensional and the two-dimensional models.
7.2.2 Boundary and initial conditions
The boundaries for each battery cell are marked with the name of the interface as pre-
sented in Figure 5.1; while the boundaries are shown with Roman numerals for the two-
dimensional ow eld as illustrated in Figure 7.2.
For each battery cell:
 At the negative end (ground):
s = 0 (7.7)
 At the current collector/electrode interface:
is  exj+ = is  exj  ; il  ex = Nl  ex = 0 (7.8)
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 At the electrode/separator interface:
is  ex = 0; il  exj+ = il  exj  ;Nl  exj+ = Nl  exj  (7.9)
 At the positive end:
is  ex =  iapp (7.10)
For the thermal-uid conjugate model:
 At the inlet (I):
uair = Uair;in; Tair = Tair;in (7.11)
 At the outlet (II):
p = pref ;rT = 0 (7.12)
 Symmetry conditions for air ow (III, IV):
rT = 0;n  u = 0 (7.13)
 Symmetry conditions for battery cells (V):




The mathematical model was implemented and solved by the commercial nite-element
solver, COMSOL Multiphysics 4:4 [106].
Each numerical code was comprised of totally 23 components among which 22 were of
the one-dimensional battery model and 1 was of the ow compartment. For the battery
models, each component included 6 dependent variables: s, l, cl, cs, iloc, iapp, and
one physics of EVENT with 4 discrete events for executing the load cycle. For the ow
compartment, 3 dependent variables were solved: u, p and T where the velocity u and
pressure p were only solved for the air ow while T was solved everywhere. In total,
there were 132 dependent variables and 22 events for the components of battery cells
and 3 dependent variables for the component of air ow, giving a total of 145 dependent
variables and 22 events.
As can be seen in Figure 7.1, both the ow compartment and the battery cells are
periodic in the streamwise direction. Hence, a representative computational unit (see
Figure 7.2), with symmetry boundary conditions for both the uid and the heat transfer
on both sides in the streamwise coordinate, can be introduced.
For creating mesh, each battery cell and the battery module with ow were resolved
as following:
1. One-dimensional battery cell: Each battery cell (22 in total) contained 24 elements;
2. Two-dimensional battery module: The ow compartment was resolved with quad
type mesh of 1:1 104 elements; and each battery cell was resolved with free trian-
gular type mesh of 2:2 102 elements, giving a total of 5 103 elements.
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Due to the complexity in solving the coupling of di¤erent components and physics,
the problem was solved in several steps:
1. The variables in the ow compartment, the velocity, u, and the pressure, p, were
solved by a stationary solver. A GMRES iterative solver was chosen with a relative
convergence tolerance of 10 4. Noteworthy was that the temperature T was not
solved by the stationary solver. The solutions obtained in this step were saved and
going to be used in the following steps.
2. All the variables except the velocity and pressure were solved by the time-dependent
solver. Instead, the solutions saved in the stationary solver from the rst step were
used for the velocity and pressure, i.e., the uid was assumed to be pseudo-steady
state.
3. The load cycle of the operations of each battery cell was realized by the physics
EVENT in COMSOL Multiphysics. The discrete events was triggered when the
specic condition of this event was fullled.
All the computations were conducted on a computer with two quad-core processors
(3:07 GHz) and 24 GB random access memory (RAM).
7.4 Results and discussion
In this section, the global behavior in terms of cell voltage during operation of the battery
module is rst studied and followed by the evaluation of the performance of the thermal
management system with forced-air convection cooling. In particular, the e¤ect of the
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air inlet velocity, the cell arrangement (in-line and staggered), the distance between cells
on the battery cooling performance will be explored. In addition, a reversal ow is also
considered in this study in order to minimize the temperature di¤erence between cells.
Before conducting the parametric studies, the base-case conditions together with the
geometry and physical parameters are rst dened: the air inlet velocity is 1 m s 1, the
cells in the module are of in-line arrangement with cell distance of 9 mm which means
S1=D = S2=D = 3=2 (see Figure 7.2), the inlet temperature of air ow is xed to be
298:15 K for all the simulations. The discharge/charge rate in this study is set to be 1 C
which is dened as the current density value corresponding to a theoretical full discharge
in one hour for a single cell. The air is unidirectional in the parametric study; the reversal
air ow will be dened and discussed later.
7.4.1 Discharge curves and current density
The global behavior of the battery cells operated under the base-case conditions is studied
rst. Here, the voltage curves are used to characterize the cellsglobal behavior. The
two cells apart farthest from each other, i.e., the cells at P1 and P11 as shown in Figure
7.2 are chosen as examples. Figure 7.4 presents the voltage curves of the two cells and
their corresponding current density proles. As stated previously, the cells in the module
are operated via a multistage scenario that the complete process can be seen from both
potential and current curves.
With a closer observation, the cell at P11 which is near to the outlet, is discharged for
a longer time before the process switches to charge as compared to the cell at P1 which
is near the inlet. It means the energy delivered during discharge by the cell at P11 is
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Figure 7.4: Cell voltage curves/current densities vs. time for the cells at P1 (solid lines)
and P11 (dotted lines).
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higher (~2 %) than that at P1. This can be attributed to the di¤erence in temperature
developed among the cells, which in turn leads to di¤erence of resistance of the cells. The
e¤ect is captured by the temperature dependent ionic conductivity. The air ows into
the module from the inlet to the outlet, hence the temperature of the cells near the inlet
is always lower than that near the outlet. Due to the temperature di¤erence, the ionic
conductivity of the cell at P1 is 0:099 S m 1 at the end of discharge, while the value for
the cell at P11 is 0:115 S m 1 (~14 % increase). The di¤erence in charging time of the
cells is due to the same reason.
7.4.2 E¤ect of air inlet velocity
The rst parameter of interest is the air inlet velocity. Here the battery module is operated
under the base-case conditions only except the air inlet velocity which varies from 0:25 m
s 1 to 2:5 m s 1.
Figure 7.5 shows the e¤ect of air velocity on the maximum cell temperature variation
in the module. Here the maximum temperature is the maximum value of temperature
occurring during the complete operation history. In this in-line arrangement, the max-
imum temperature always occurs of the cells at position 10 (P10 in Figure 7.2). The
temperature of cells at P11 is slightly lower than those at P10 is due to the recirculation
formed behind the last cells near the outlet and hence the cells have more convective heat
transfer with their surroundings [65]. As can be seen from Figure 7.5, the increasing veloc-
ity decreases the maximum temperature. Under the base-case conditions, the maximum
temperature variation is reduced from around 23 K with the smallest velocity of 0:25 m
s 1 to about 8 K when the velocity is 2m s 1 after which the maximum temperature levels
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out; no further improvement is observed by increasing the velocity, as the heat transfer
from the cells to the air becomes limiting.
Figure 7.5: Maximum temperature variation vs. air inlet velocity of the battery module
operated under base-case conditions.
To evaluate the performance of a thermal management system for a battery module,
on the one hand is to keep the temperature of the each cell in the module lower than the
limiting value; on the other hand is to minimize the temperature di¤erence among cells.
As a measure of temperature distribution, the standard deviations of temperature of cells
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here, Tavg is the surface average temperature of the all the cells in the module, Atotal is
the total surface area of all the cells, and Acell is the surface area of a single cell. Table
7.2 shows the e¤ect of air inlet velocity on the temperature distributions of the cells. The
average temperature is obtain by surface temperature averaging of all the cells in the
module. As can be seen, the temperature distribution becomes more uniform as the air
inlet velocity is increased.
Table 7.2: Standard deviations of temperature of cells at di¤erent positions at the end of
discharge (base-case conditions).
Velocity
0:25 m s 1 1 m s 1 2 m s 1
P1 7:5 4:1 2:7
P2 3:4 2:1 1:4
P3 1:5 0:9 0:7
P4 0:5 0:6 0:5
P5 0:8 0:9 0:8
std / K P6 1:4 1:2 1:3
P7 2:0 1:4 1:5
P8 2:7 1:8 1:4
P9 3:2 2:1 1:6
P10 4:0 2:6 1:8
P11 3:7 2:1 1:5
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7.4.3 E¤ect of cell arrangement
Another parameter of interest is the cell arrangement. In this study, two typical cell
arrangements, in-line and staggered (see Figure 7.2a and b), are considered. Figure 7.6
shows the maximum temperature variation (same denition as mentioned in last section)
of the two arrangements under the base-case conditions. It is noted that the di¤erence in
maximum temperature of the two cell arrangements is negligible. In other word, equivalent
e¤ect of the thermal management on lowering the maximum temperature are found with
the two cell arrangements. On the other hand, however, as compared to the in-line design
(see Table 7.2), a more uniform temperature distribution is achieved by the staggered
design, as shown in Table 7.3.
Figure 7.6: Maximum temperature variation of the two arrangements of the battery
module operated under the base-case conditions.
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Table 7.3: Standard deviations of temperature of cells at di¤erent positions at the end of
discharge: staggered arrangement with 9 mm cell distance.
Velocity
0:25 m s 1 1 m s 1 2 m s 1
P1 7:3 4:3 3:4
P2 4:3 3:0 2:4
P3 2:4 1:7 1:3
P4 1:4 1:0 0:8
P5 0:7 0:7 0:6
std / K P6 0:6 0:7 0:6
P7 1:1 0:9 0:8
P8 1:6 1:0 0:9
P9 2:2 1:3 1:1
P10 2:8 1:5 1:2
P11 2:2 0:4 0:4
7.4.4 E¤ect of cell distance
The distance between cells is another design parameter of interest. The staggered con-
guration is considered in this section. In this study, the ratio of distance along the
longitudinal direction to that along transverse direction is xed to be 1, i.e. S1=S2 = 1.
The cooling performance, that is evaluated by the maximum temperature variation, is
e¤ected by the distance between the cells as illustrated in Figure 7.7. A smaller distance
results a lower maximum temperature increase. This is due to the fact that the instanta-
neous velocity of the air passing through the cells is increased when the distance between
the cells is decreased; and the convective heat transfer is therefore enhanced. A smaller
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cell distance means the module is more compact, however, it also leads to a higher ow
resistance.
Figure 7.7: E¤ects of cell distance on the maximum temperature variation for the battery
with staggered conguration.
7.4.5 Reversal ow
In the sections above, the air ows from the inlet to the outlet of the battery module, i.e.
unidirectional ow is used. As mentioned previously, signicant temperature di¤erence
will develop during operation along the module that the temperature of the cells near
the inlet is always lower than those near the outlet. In order to reduce the temperature
di¤erence, a periodic reversal air ow is considered for the thermal management of the
battery module. The reversal air ow can be achieved by using two fans placed in front
of and behind the module that are periodically operated [111]; or using valves to control
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the direction of the air ow that provided by a single fan [65].
In this section, the simulations are conducted under the base-case conditions; and
only discharge processes are considered for simplicity. Three di¤erent frequencies of the
reversal ow are examined, which correspond to ow reversal every 600 s, 300 s and
120 s. Figure 7.8 shows the average temperature history of cells at di¤erent positions
under di¤erent ow reversal frequencies. Compared to the case with unidirectional ow
(see Figure 7.8a), here several features are apparent for the cases with reversal ow: the
average temperature of the cells near the ow inlet and outlet is lower than those in
the middle of the module; alternate oscillation in temperature of the cells locating at
symmetric positions, i.e., cells at P1 and P11, P3 and P9, as well as P5 and P7. The
oscillation is caused by the changing in the temperature of air ow when its direction is
reversed. In addition, the amplitude of the oscillation is related to the frequency of ow
reversal that higher frequency results smaller amplitude.
Figure 7.9 shows the instantaneous average temperature (at the end of discharge) of
cells at di¤erent positions. As can be seen from the gure, the temperature di¤erence
is signicantly reduced among cells by the reversal ow. At the end of discharge, the
maximum temperature di¤erence of about 3 K is observed for the case with reversal ow
(frequency of 120 s); while 6 K and 6:5 K are found for the cases of in-line and staggered
arrangements with unidirectional ow respectively.
The use of reversal ow can signicantly improve the uniformity of temperature dis-
tribution among cells. However, higher air ow reversal frequency means higher parasitic
load that should be the main concern from an engineering perspective. Therefore, an
optimization study can be conducted to arrive at optimal decisions.
In this chapter, a numerical investigation of coupling a one-dimensional thermal-
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(a) (b)
(c) (d)
Figure 7.8: Average temperature history of cells at di¤erent positions under di¤erent
frequencies of reversal ow.
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Figure 7.9: Instantaneous average temperature of cells at di¤erent positions.
electrochemical model of lithium-ion battery with a two-dimensional thermal-uid conju-
gate model of a lithium-ion battery module has been carried out in order to study the e¤ect
of some design and operation parameters of interest on the performance of an active ther-
mal management system. Each of the cells in the battery module was separately solved
and then interactively coupled with the thermal-uid model by the volume-averaged heat
generation and the surface-averaged temperature.
The cooling performance is evaluated in terms of the inlet velocity of air, cell arrange-
ment, cell distance and reversal air ow. The maximum temperature variation of the
battery module can be lowered by either increasing the inlet air velocity or decreasing
the distance between cells. On the other hand, a more uniform temperature distribution
among cells can be achieved by either increasing the air inlet velocity, arranging the cells
with staggered design, or employing a periodic reversal ow with high reversal frequency.
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However, increasing air velocity or reversal frequency will increase the parasitic load and
staggered design will increase the module volume. Therefore, the trade-o¤s among these
parameters should be taken into account.
The study in this chapter can be extended to incorporate the capacity fade model
with the lithium-ion battery model to investigate the e¤ect of thermal management on
capacity loss. A perturbation study can also be implemented by simply malfunctioning
one or more cells in the module or adding the short circuit model.
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Numerical investigation of water
cooling for a lithium-ion bipolar
battery pack
8.1 Introduction
Besides the air cooling for the battery system studied in last chapter, liquid cooling is
also an e¤ective method for heat removal from lithium-ion batteries and is investigated
and discussed in the last chapter.
Lithium-ion batteries are available in various forms such as prismatic cells, cylindrical
cells, coin cells, and pouch cells commercially in the market. A battery with bipolar
design [86, 112, 113, 114, 115, 116, 117, 118, 119] is another promising alternative. A
bipolar battery has the advantage that it can reduce ohmic losses between adjacent cells
and that it can provide a more uniform current and potential distribution over the active
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surface area of each cell due to the absence of cell shells/cases and wires/cables for each
cell when compared with battery packs consisting of cells in other form factors; this, in
turn, makes the bipolar battery lighter, smaller and more compact [1, 120].
Based on a general energy balance for battery systems presented by Bernardi et al. [35],
Chen and Evans [121, 122] rst developed a mathematical model for a lithium polymer-
electrolyte bipolar battery stack and carried out a thermal analysis to examine the rela-
tionship between battery thermal behavior and design parameters. Their model, however,
adopts a uniform heat generation throughout the battery cell instead of considering lo-
cal heat generation terms with spatial dependence. Moreover, the local electrochemical
behavior is not included in their model either. Pals and Newman [33] carried out a mod-
eling study to predict the temperature proles in a lithium/polymer battery stack with
a bipolar design. Their model couples the electrochemistry of the cell with an energy
balance that allows the study of temperature changes and their impact on the battery
performance. Again, the heat generation is calculated globally and not on the local level
accounting for each layer within the battery. Recently, Somasundaram et al. [88] pre-
sented a model for a lithium-ion battery module with a bipolar conguration. The model
accounts for both the local electrochemical and thermal behavior. Their ndings showed
a rapid temperature increase during discharge for passive cooling via natural convection
of a 10-cell module, which suggests the need for an active thermal management system
for this type of battery design.
This study employs a detailed, mechanistic model of a lithium-ion battery [86] and
extends the bipolar battery design [88] from the module to the pack level such that the
cooling performance of a thermal management system for the entire battery pack can be
studied and quantied. In essence, the battery pack shown in Figure 8.1a comprises a
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number of basic repeating-modules placed between a pair of net type (porous in nature)
coolant plates. The modules are formed by connecting a number of stacks (denoted by
ms in Figure 8.1b) in parallel. A stack, in turn, consists of a number of series-connected
cells arranged in a bipolar conguration as illustrated in Figure 8.1c. The desired voltage
and capacity of the pack are achieved by varying the number of cells connected in series
in the stack and the number of stacks connected in parallel. The cell number, nc, of each
stack in this study is xed at 10, but can easily be extended within the mathematical
model presented here. For the single battery cell, the nominal capacity is 715 mAh and
the cut-o¤ voltage for discharge is set to be 2:8 V. Hence, the battery pack has a cut-o¤
voltage of 28 V.
The electrochemical and thermal behavior of the battery pack during galvanostatic
discharge is studied and quantied; in particular, the impact of several design parameters
such as the number of stacks between the coolant plates, ms, coolant velocity, uc, and
coolant plate thickness, wc, on the performance of the thermal management system are
discussed.
8.2 Mathematical formulation
The single lithium-ion battery cell considered here is composed of a negative current
collector (copper), negative electrode (LiC6), separator, positive electrode (LiMn2O4)
and positive current collector (aluminum) as illustrated in Figure 8.1d. An electrolyte
solution of LiPF6 salt in 1 : 2 ethylene carbonate and dimethyl carbonate solvent is used
in the porous electrodes and the separator. During discharge, the Faradaic reactions
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Figure 8.1: Schematic of the lithium-ion battery (a) a pack; (b) cross-section of a repre-
sentative bipolar pack (named repeating-module) with the roman numerals indicating the
interfaces and boundaries of stacks and coolant plates; (c) cross-section of a stack with the
roman numerals indicating the interfaces and boundaries of cells and various functional




taking place at the electrode/electrolyte interface are as follows:
LiC6  ! C6+Li++e  (8.1)
Li Mn2O4+Li++e   ! LiMn2O4 (8.2)
There are two main scales the macro- and micro-scale involved in the lithium-ion
battery model; see Figure 8.1b - e. In short, at the macro-scale, the model considers
transient conservation of charges, species and energy in the cell and between the cells to
capture both the electrochemical and thermal behavior; and the conservation of mass,
momentum, energy and charge in the coolant plates for the cooling. The bipolar plate
is placed in between the cells with properties and a thickness to be that of the positive
current collector [86]. The electrical insulator is assumed to be thermally conductive but
electrically insulative. The governing equations and constitutive relations for the battery
model can be found in Chapter 3 and Chapter 5.
The governing equations for the ow eld is expressed as











+r  q = 0; (8.5)
r  is = 0; (8.6)
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with the ux / stress tensor expressed as
 =  pI+(ru+ (ru)T); (8.7)
q =  kcrT; (8.8)
is =  s;crs: (8.9)
The boundary conditions are provided as follows
 Boundary I; I0




II+ =is  ex jII- ;q  ex

II+ =q  ex jII- ;u = 0; (8.11)
 Boundary III
is  ex = 0;q  ex

III+ =q  ex jIII- ; (8.12)
 Boundary IV
is  ey = 0;q  ey = 0; p = pref ; (8.13)
 Boundary V




VI+ =is  ex jVI- ; il  ex=Nl  ex = 0;q  ex





is  ex = 0; il  ex

VII+ =il  ex jVII- ;Nl  ex

VII+ =Nl  ex jVII- ; (8.16)
 Boundary VIII
is  ey = il  ey = Nl  ey = q  ey = 0; (8.17)
 Boundary IX
s = 0;q  ey = 0; (8.18)
 Boundary X
is  ey =  iapp;q  ey = 0; (8.19)
 Boundary XI
q  ey = 0: (8.20)










(j   1)0s (ne)
j0s (sp)
; j = 1; 2; :::; nc; (8.22)
l = j
0
l (ne,sp,pe); j = 1; 2; :::; nc; (8.23)
T = T 0 (all layers); (8.24)
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Table 8.1: Coolant and insulator properties.
Parameter Unit Coolant [109, 123] Insulator
Specic heat capacity J kg 1 K 1 4:2 103 7:0 102
Height m 6:0 10 2 6:0 10 2
Width m 5 10 4 2:5 10 5
Thermal conductivity W m 1 K 1 0:61 2:0 102
Pressure Pa 101325 -
Dynamic viscosity kg m 1 s 1 9 10 4 -
Density kg m 3 1 103 3:2 103
u = Uc: (8.25)
The physical properties of the materials of the battery cell can refer to Table 5.1; properties
of coolant and insulator are given in Table 8.1.
At the microscale, the conservation of lithium inside the active material is based on
the di¤usion length and a polynomial approximation [20, 78, 86].
The model is based on the following assumptions:
1. Material properties are isotropic;
2. The di¤usion coe¢ cient in the solid and solution phase, exchange current density,
and the transference number are independent of electrolyte concentration;
3. The active material particle is assumed to be spherical in shape and has uniform
distribution in the electrodes with same particle size;




The mathematical model was implemented and solved with the commercial nite-element
solver, COMSOL Multiphysics 3:5a [124]. The direct solver UMFPACK was chosen as
linear solver with a convergence of 10 3. The computational domains were resolved with
up to 4:5 105 elements for the 120-stack case to ensure mesh independence.
Noteworthy is that the array function in COMSOL Multiphysics is used to not only
create an array of identical geometry objects but also to duplicate the physical settings
for the variables and points, edge, boundary, and subdomain expressions. This feature
allows for a signicant reduction in the time it takes to manually set up the geometry and
model.
Furthermore, the model was solved for the repeating-module unit instead of the whole
pack. For this representative unit, periodic boundary conditions for the temperature were
prescribed at the left and right sides of the coolant plates (see Figure 8.1b, boundary I
and I).
The computations were conducted on a workstation with two quad-core processors
(3:2 GHz, with a total of eight processor cores) and 64 GB random access memory.
8.4 Results and discussion
First, the electrochemical and thermal behavior during discharge of the battery pack for
two limiting cases is studied and followed by the evaluation of the thermal management
system and its impact on the battery pack performance. In particular, the e¤ect of the
number of stacks between the coolant plates, the coolant velocity and the thickness of
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coolant plate on the average temperature di¤erence and the local temperature distribution
will be explored. Furthermore, the underlying model of the lithium-ion battery was
validated with experimental data reported by Doyle et al. [19].
8.4.1 Limiting cases
First dened is the behavior of the battery pack during galvanostatic discharge for two
limiting cases one with the pack thermally insulated from its surroundings and the other
one where every stack in the pack is cooled by placing it between coolant channels.
In the rst limiting case, the temperature evolution of the battery pack is determined
by the heat generated inside, which in turn depends on the discharge rate. Irrespective of
the number of stacks in the battery module, the rate of change of temperature remains at
leading-order the same due to the balance that exists between the transient term and the
heat generation term in the energy equation [86]. This case thus represents the maximum
temperature increase since there is no heat exchange with the surrounding.
In the second limiting case, the temperature evolution is determined by not only
the heat generation but also the heat exchange through forced convection in its coolant
plates as well. Here, a coolant plate is placed between each stack comprising 10 cells.
From a design point-of-view, such a large number of coolant plates would be bulky and
expensive, but it does serve the purpose of providing the case for the lowest temperature
increase in the pack. The battery pack is for this limiting case operated with a coolant
inlet temperature of 298 K, coolant velocity of 10 1 m s 1 and coolant plate thickness of
4 10 1 cm these correspond to the bestcooling conditions used in this study.
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8.4.1.1 Discharge curves
One of the key features that characterizes battery performance is the discharge curve.
In essence, the nominal voltage of a battery cell is determined by its chemistry; and the
actual operating voltage of the battery at any particular time during discharge depends
on both of the discharge current and the internal resistance, which in turn vary with
temperature, SOC and the degree of degradation of the battery.
The discharge curves for a single stack operating at the two limiting conditions for
various discharge rates are as shown in Figure 8.2. Here, a 1 C-rate refers to a current
density value corresponding to a theoretical full discharge in one hour for a single cell:
in this case 2:9  104 A m 2. The current is prescribed at the positive current collector
at boundary X (see Figure 8.1c for placement of roman numerals) of each stack. As the
discharge rate increases, the ohmic drop increases, which can be seen from the higher
initial drop of voltages for increasing C-rates. The polarization e¤ect also increases with
increasing C-rates and is reected by the gradual change in the slope of the discharge
curve from 0:1 C to 5 C-rate. In addition, the energy delivered by the battery is reduced
at higher discharge rates.
The energy delivered by the insulated battery is higher as compared to the cooled one
for all C-rates; this e¤ect is more pronounced at higher discharge rates. With a cut-o¤
voltage of 28 V, the capacity of the cooled battery stack decreases by up to 0:1 % and
12 % at 0:1 C and 5 C-rate respectively compared to the insulated case. This can be
attributed to the rise in the resistance of the battery with cooling as the temperature of
the cooled battery is lower than the insulated counterpart. This e¤ect is captured in the
model by the average value of the temperature dependent ionic conductivities. At the
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cut-o¤ voltage, the ionic conductivity decreases from 0:09 S m 1 for the insulated battery
down to 0:05 S m 1 for the cooled one (around 45 % decrease) for a 0:1 C-rate, whereas a
higher drop in conductivity occurs at a 5 C-rate, for which the magnitude decreases from
0:3 S m 1 for the insulated case to 0:06 S m 1 for the cooled case (around 80 % decrease).


















Figure 8.2: Voltage vs. capacity of the battery pack during discharge at various C-rates
under two limiting conditions: cooling (solid lines); without cooling (dashed lines).
8.4.1.2 Electrochemical behavior
During discharge, lithium ions in the active material of the negative electrode deintercalate
from the lattice structure and enter the electrolyte whence the concentration of lithium
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ions in the electrolyte in this region increases; the reverse takes place in the positive
electrode. This leads to a steep concentration gradient in the electrolyte, as shown in
Figure 8.3. Here, the concentration distribution of lithium ions in the electrolyte (y = 0:03
m, see the coordinate shown in Figure 8.1b) at the cut-o¤ voltage at a 5 C-rate for the
two limiting cases is illustrated. A signicant di¤erence in the concentration distribution
for the two limiting cases can be observed: For the case without cooling, the lithium ions
concentration reaches a maximum of 2500 mol m 3 and a minimum of 1600 mol m 3 in
contrast to the concentration distribution for the cooled pack, which is amplied by the
presence of coolant with a maximum and minimum of up to 3100 mol m 3 and 1150 mol
m 3. The reason for the di¤erence can be traced to the temperature sensitivity of the
di¤usion coe¢ cients: around 58 % lower for the cooled cell as compared to the insulated
one at the cut-o¤ voltage.
8.4.1.3 Thermal behavior
The average temperature di¤erence at the cut-o¤ voltage for various discharge rates un-
der the limiting case of thermal insulation is shown by the dashed line in Figure 8.4.
This is the upper limit for the average temperature as the temperature evolution is only
decided by the heat generation of the battery. Here, the average temperature increases
with the discharge rate with a maximum rise of 85 K for the maximum discharge rate of
5 C considered; even for the lowest discharge rate of 0:1 C, the temperature still increases
by around 25 K, which indicates that a thermal management system is necessary for the
bipolar battery pack to operate within its optimal and safe temperature limits. On the
other hand, for the limiting case of cooling every stack in the battery pack, no signi-
cant average temperature di¤erence is observed for all the C-rates since the battery pack
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Figure 8.3: Concentration prole of Li+ in the electrolyte at the cut-o¤ voltage at a 5
C-rate under two limiting conditions (y = 3  10 2 m): cooling (solid line) and without
cooling (dashed line).
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operates near-to the ambient temperature. This is thus the lower limit for the average
temperature of this battery pack.















Figure 8.4: Temperature window of the battery pack: upper limit (dashed line); lower
limit (solid line); operating line of temperature (dotted line).
Now, whilst the second case can keep the average temperature to a minimum, cooling
every stack within a battery pack comprising a large number of stacks is ine¢ cient in most
practical applications since the factors such as volume, mass and cost of the pack should
be considered. Hence, the coolant plates with a certain number of stacks between them
are needed and not for every stack. Since these are the two limiting cases, the average
temperature di¤erence with discharge rate should be within the upper and lower limits
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as shown by the shaded area in Figure 8.4 irrespective of the number of stacks in the
pack. This area indicates the temperature window for the bipolar battery pack and can
be easily extended to other batteries with di¤erent chemistry and battery forms.
8.4.2 Thermal management with water cooling
Before investigating active cooling with a liquid, an optimal operating temperature
window is rst discussed. An upper limit of the average temperature of around 313 K can
be set (can vary with battery chemistry), because a signicant increase in capacity fading
can occur for a lithium-ion battery when the operating temperature increases from 313 K
to 318 K [49]. Here, the initial temperature corresponds to typical ambient conditions of
298 K for all the simulations whence the average temperature di¤erence, 4Tavg, between
the initial temperature and nal temperature at the cut-o¤ voltage should not exceed
313 K  indicated by the operating line (dotted line) in Figure 8.4. In other words,
if the battery pack operates above the operating line, more heat needs to be removed;
conversely, if the pack average temperature resides below the operating line, less heat
can be removed. Ultimately, operating the pack as close to the operating line as possible
would ensure a higher lifespan and good pack performance (discharge/charge behavior)
for a given parasitic cost of operating the thermal management system.
Besides the average temperature di¤erence, attention has to be given to the local tem-
perature distribution: rst, the local temperature inside the functional layers of each cell
in the pack should fall on or around the operating line; and second, the local temperature
variation inside a cell and between cells in the pack should be kept to a minimum. The
latter, in particular, can introduce a mismatch in the state of charge between cells.
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Here, the thermal management system consists of a liquid coolant circulated within the
coolant channels placed at regular intervals in the battery pack. The coolant is supplied
at a xed inlet temperature of 298 K for varying coolant ow rates and coolant plate
thicknesses in order to determine the performance of the thermal management system.
8.4.2.1 Number of stacks between coolant plates
The number of stacks between coolant plates in the battery module a¤ects the overall size
of the battery pack: less stacks between the coolant plates will result in a larger battery
pack and a reduced local variation in temperature between cells; more stacks, on the
other hand, will result in a smaller pack but at the cost of a higher average temperature
di¤erence and higher variation in temperature. It is therefore necessary to nd the number
of stacks that can keep the temperature di¤erence in the vicinity of the operating line
(see the dotted line in Figure 8.4) at di¤erent discharge rates.
To study the thermal envelope for varying number of cells, simulations were carried
out by changing the number of stacks from 1 to 120 between the coolant plates with the
coolant velocity and coolant plate thickness set to 2:5  10 3 m s 1 and 5  10 2 cm
respectively, which corresponds to a Reynolds number of around 1:5.
As expected, the average temperature rises with increasing number of cells between
the coolant plates as well as with increasing discharge rates (see Figure 8.5). In order
to keep the average temperature di¤erence around the temperature of the operating line
for the given Re, the number of stacks between the coolant plates is found to be 45, 22
and 7 at 1 C, 2 C and 5 C rates (corresponding to the points A, B and C in Figure 8.4)
respectively. On closer inspection, the average temperature di¤erence reaches a plateau
of 80 K when the number of stacks reaches 80 at the 5 C-rate; this peak value is close to
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the upper limit in Figure 8.4 for the limiting case of no heat removal from the pack.



















Figure 8.5: Average temperature di¤erence vs. number of stacks at the cut-o¤ voltage at
various C-rates (1 C: H; 2 C: ; 5 C: N) with uc = 2.5  10 3 m s 1 and w c= 5  10 2
cm).
To quantify the local temperature variation, the worst case of a higher discharge rate
of 5 C and greater number of stacks (5 and 15 stacks) is considered as shown in Figure 8.6
(only half of the repeating module is shown for each case due to symmetry). As expected,
the temperature non-uniformity is higher for a greater number of stacks between the
coolant plates at the cut-o¤ voltage (see Figure 8.6a and b). The maximum temperature
variation is found to be 32 K for the pack with 15 stacks as compared to 13 K for a
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5-stack pack. The minimum temperature is found near the inlet of the coolant plate and
the maximum temperature is found at the top center of the battery pack. In order to
minimize the local temperature variation, the number of stacks between the coolant plates
should be reduced or else the coolant should be supplied with a higher ow rate or coolant
plate should be made thicker which will be discussed later.
Figure 8.6: Local temperature distribution at the cut-o¤ voltage at 5 C-rate for the
battery pack of (a) ms = 5, uc = 2.5  10 3 m s 1, w c = 5  10 2 cm; (b) ms = 15, uc
= 2.5  10 3 m s 1, w c = 5  10 2 cm; (c) ms = 15, uc = 2.5  10 2 m s 1, w c = 5 
10 2 cm; (d) ms = 15, uc = 2.5  10 3 m s 1, w c = 2  10 1 cm.
8.4.2.2 Coolant velocity
The battery pack considered here consists of 15 stacks (ms = 15) placed between the
coolant plates. The thickness of the coolant plates is xed to be 510 2 cm. The coolant
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inlet velocity ranges from 2:5 10 3 m s 1 (Re  1:5) to 10 1 m s 1 (Re  55).
Increasing the coolant velocity decreases the average temperature as can be inferred
from Figure 8.7. At a 5 C-rate, the average temperature di¤erence is about 28 K at the
cut-o¤ voltage with the smallest velocity of 2:510 3 m s 1 as compared to 85 K when it
is insulated. However, this average temperature di¤erence is still signicantly above the
operating line. In this case, increasing the coolant velocity will bring down the average
temperature di¤erence below 15 K until the coolant velocity reaches around 2:5 10 2 m
s 1 after which the average temperature levels out; no signicant improvement is achieved
by increasing the coolant velocity beyond this value, as the heat transfer from the cells
to the coolant plate becomes limiting. Furthermore, the average temperature di¤erence
is under the operating line for 1 C and 2 C rates even with the smallest velocity. It
is good for long term operation of the battery with such small temperature di¤erence
although higher cost of parasitic load and volume and mass should be considered from an
engineering perspective.
The e¤ect on the local behavior is illustrated through Figure 8.6b and c. As the coolant
ow rate increases from 2:5  10 3 m s 1 to around 2:5  10 2 m s 1, the temperature
non-uniformity is alleviated and the maximum temperature variation decreases from 32 K
to 12 K. But, again, the increase in coolant velocity will also lead to a higher pressure drop
and higher parasitic loads on the battery pack for the coolant pumping system. Hence,
a trade-o¤ between average temperature, temperature non-uniformity and the parasitic
load should be taken into account during the design of a battery pack with a thermal
management system.
130
8.4. RESULTS AND DISCUSSION

















Figure 8.7: Average temperature di¤erence vs. coolant velocity at the cut-o¤ voltage at
various C-rates (1 C: H; 2 C: ; 5 C: N) with ms = 15 and w c= 5  10 2 cm.
131
8.4. RESULTS AND DISCUSSION
8.4.2.3 Coolant plate thickness
In addition to the coolant velocity, one more parameter of interest is the thickness of
coolant plate. Here the varying coolant plate thickness is from 5  10 2 cm to 4  10 1
cm for the battery pack of 15 stacks and keep the coolant velocity to be 2:5  10 3
m s 1. A trend similar to the e¤ect of the coolant inlet velocity is observed in Figure
8.8: Increasing the coolant plate thickness reduces the average temperature di¤erence,
especially at higher discharge rates. At a 5 C-rate, the average temperature di¤erence is
reduced from around 28 K to 15 K (about 50 % lower) by increasing the coolant plate
thickness from 5  10 2 cm to 2  10 1 cm. However, a closer inspection shows that
after the coolant plate thickness reaches a certain value which is around 2  10 1 cm,
the average temperature appears to approach a limiting value; further increase in coolant
plate thickness does not help in bringing down the average temperature.
A comparison of the temperature non-uniformity with di¤erent coolant plate thick-
nesses is provided in Figure 8.6b and d. An increase in the coolant plate thickness leads
to a more uniform local temperature distribution. The maximum temperature variation
drops from 32 K to about 15 K by increasing the coolant plate thickness from 510 2 cm
to 210 1 cm. The maximum temperature could be further reduced by either putting less
number of stacks between the coolant plates or increasing the coolant velocity. However,
an increase in the coolant channel width or a reduction in the number of stacks cause an
increase in mass and volume of the battery pack; in addition, increasing coolant velocities
will lead to higher parasitic load due to pumping requirements. Again, a trade-o¤ should
be considered between average temperature, distribution, the parasitic load and also the
battery mass and volume in designing the thermal management system.
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Figure 8.8: Average temperature di¤erence vs. thickness of coolant plate at the cut-o¤
voltage at various C-rates (1 C: H; 2 C: ; 5 C: N) with ms = 15 and uc= 2.5  10 3 m
s 1.
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In this chapter, a numerical study of a coupled thermal-electrochemical model for
a lithium-ion bipolar battery pack has been conducted in order to study the e¤ect of
some design parameters of interest on the performance of an active thermal management
system. The bipolar battery pack is represented by a repeating-module which comprises a
number of parallel connected battery stacks. The thermal management system has been
employed by placing the repeating-module between a pair of coolant plates with water
as coolant. The cooling performance is evaluated in terms of number of stacks between
coolant plates, coolant velocity and coolant plate thickness.
The behaviors of the battery pack during galvanostatic discharge under two limiting
conditions have been studied and the results showed that there was signicant di¤erence
in the behavior of the battery pack with/without cooling. The di¤erence was manifested
globally by the discharge curves and temperature evolution and locally by the concen-
tration deviations. A temperature window was established for various discharge rates
depicting the maximum possible temperature variation for this bipolar battery pack. It
also suggests that the average temperature rise of the battery pack should reside around
the operating line when consider the lifespan and the cost of the battery. A similar
temperature window can easily extended to other batteries with di¤erent chemistry and
battery forms.
With thermal management, it was found that the average temperature di¤erence and
local temperature variation of the battery pack were highly a¤ected by the number of
stacks placed between the coolant plates. The rise in the average temperature and the
non-uniformity of local temperature distribution were aggravated as the number of stacks
increases, especially at higher discharge rate. To keep the average temperature di¤erence
near to the operating line, 45, 22 and 7 stacks at 1 C, 2 C and 5 C-rates can be placed
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between the coolant plates with the minimum cooling conditions.
Either increasing the coolant velocity or the coolant plate thickness can e¤ectively
decrease the average temperature of the battery pack and benecially minimize the non-
uniformity of local temperature distribution. However, an increase in these parameters
comes at additional cost: a higher parasitic load with increase in coolant velocity and
a rise in battery mass and volume by either putting less stacks between coolant plates
or increasing the coolant channel width. Since a number of parameters are involved in
designing the thermal management system, a multi-objective optimization algorithm can




9.1 Summary and conclusions
This thesis describes the mathematical modeling of transport phenomena in lithium-ion
batteries as a type of electrochemical energy storage system. A generic mathematical
model for lithium-ion batteries comprising transient conservation of species, charge and
energy in both the solid and liquid phases is developed for studying the thermal e¤ects
and degradation occurring inside the battery during operation. As one of the theoret-
ical studies, the parameters involved in the thermal issues are statistically studied and
analyzed with a stochastic approach to investigate their relative responsibilities for the
battery temperature. The other theoretical study is to determine whether a non-uniform
distribution of capacity fade will develop during the cycling of a commercialized 18650-
type cylindrical lithium-ion battery cell. As a part of applied research, two di¤erent active
thermal management methods forced air and liquid cooling are employed to keep the
temperature of the battery cells at a module or pack level within their optimum range
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under various conditions, and to minimize the cell-to-cell temperature di¤erence. Overall,
four computational studies have been carried out in this thesis.
In the rst study, corresponding to Chapter 5 of this thesis, a Monte Carlo simula-
tion of a lithium-ion battery model is performed to correlate the uncertainties of system
parameters with safety issues. A wide range of parameters which may introduce uncer-
tainties to the battery system and induce safety problems are statistically studied and
analyzed. The varied parameters are ranked according to their relative sensitivity to the
battery temperature. Two ranking methods, coe¢ cient of variation and sigma-normalized
derivative, are employed in the studied, and similar rankings with top three contributing
parameters (initial temperature, thickness of positive electrode and thickness of negative
electrode) but at di¤erent degrees of correlation. It is also found the distribution of battery
temperature may deviate from normal distribution with higher discharge current, partic-
ularly more occurrences of higher temperature. This indicates possibility of higher risks
if the design of thermal management systems for the battery fails to accommodate the
possibility of increased load. This study provides a procedure to statistically investigate
such a multi-parameter system.
The second study focuses on another major concern of lithium-ion batteries, i.e. capac-
ity fade. The aim of this study is to nd if a non-uniform distribution of capacity fade will
spatially develop in a lithium-ion battery cell during cycling. A cylindrical 18650 lithium-
ion battery is considered and resolved by an axisymmetric two-dimensional cross-section.
The mechanism of capacity fade is assumed to be the electrolyte reduction reaction and
the formation of SEI layer and the capacity loss only occurs at the negative electrode.
The predicted capacity fade of the battery cell is validated with experiment good agree-
ment is achieved. The results show that a non-uniform capacity fade across the surface
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of a single electrode along the thickness direction is locally formed that is caused by the
non-uniform distribution of the overpotential and the exchange current density of the side
reaction. In contrast, the average capacity fade is found to be uniform among di¤erent
electrodes within one cycle by comparing the side reaction current density and capacity
loss; and the uniform capacity fade is further justied by the uniform distributions in
both the resistance increase and cumulative capacity loss upon cycles. It is also suggested
that a one-dimensional mechanistic model is good enough to predict the capacity fade of
such type lithium-ion battery that will reduce computational cost and time.
The rst two studies deal with single cells but the third study considers a lithium-ion
battery module with cylindrical battery cells. A one-dimensional thermal-electrochemical
model of lithium-ion battery coupled with a two-dimensional thermal-uid conjugate
model of a lithium-ion battery module is presented and analyzed to study the e¤ect
of some design and operation parameters of interest on the performance of an active ther-
mal management system. Each cell in the battery module is solved separately and then
interactively coupled with the thermal-uid model by the volume-averaged heat genera-
tion term obtained from battery model and the surface-averaged temperature evaluated
from battery module model. The e¤ects of several parameters such as the inlet velocity
of air, cell arrangement, cell distance and the e¤ect of a reversal air ow on controlling
the maximum temperature variation of the battery module and minimize the temperature
di¤erence among cells have been investigated. The results show that either increasing the
inlet air velocity or decreasing the distance between cells can decrease the maximum tem-
perature variation of the battery module; on the other hand, a more uniform temperature
distribution among cells can be achieved by increasing the air inlet velocity, employing the
staggered cell conguration, or using a periodic reversal ow with high reversal frequency.
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However, increasing air velocity or reversal frequency will increase the parasitic load and
staggered design will increase the volume of the battery module. Therefore, the trade-o¤s
among these parameters should be considered.
The nal study is a numerical investigation of the performance of a bipolar-design
battery pack in terms of operating and design parameters of an active thermal manage-
ment system comprising forced liquid cooling. In short, a transient mathematical model
accounting for the conservation of charge, species and energy for a lithium-ion battery
pack is solved at various galvanostatic discharge rates of the battery pack. Two limiting
cases, with and without cooling, are rst identied and the temperature window within
which the pack is going to operate at various discharge rates is determined. The investi-
gation shows that fewer stacks at the module level of the pack can be placed between the
coolant plate with an average temperature lower than its limiting value (set to be 313 K
in this study) under minimum cooling conditions with increasing discharge rates. Higher
coolant velocity and coolant plate thickness help in keeping the maximum temperature
and temperature non-uniformity under control; however, doing so increases the parasitic
load as well as the weight and volume of the pack whence a trade-o¤ should be established
between these parameters.
9.2 Contributions of this study
The major contributions made by this research work are provided as below:
1. A statistical analysis was undertaken of the random yet probabilistic relationship
between the uncertainties in battery system parameters and the battery tempera-
ture. Di¤erent from traditional parametric investigations, this method of a Monte
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Carlo simulation of a mechanistic lithium-ion battery model coupled with statistical
analysis can be employed to assist the practical manufacturing processes. The sen-
sitivity analysis in this study can be performed not only by varying one parameter
at a time but also varying all the parameters simultaneously. Manufacturers can
evaluate the parameters which can result in high variations of battery cell tempera-
ture, and then modify their processes to allow stricter control on the manufacturing
tolerances for these parameters. This can reduce faulty battery cells leaking into the
market. Furthermore, manufacturers can benet from reducing wastages and cost of
production as post-process analysis of batteries can result in less cells detected to be
of insu¢ cient quality. This method can also be employed not only for investigating
the relationships between system parameters and the battery cell temperature but
also other parameters related with battery performance.
Apart from the contributions of statistical analysis mentioned above, the procedure
is introduced to conduct key steps in solving the coupled Monte Carlo simulation
with the lithium-ion battery model numerically - generating the randomized samples
and solving the model with automatically varying the parameters values. This
allows a reduction in time and errors of manually generating samples and varying
their values.
2. Computations in the study determine if a non-uniform capacity fade will develop
during operation within a cylindrical lithium-ion battery cell. No studies have been
reported to work on the spatial distribution of capacity loss for such kind of lithium-
ion battery. The mechanistic lithium-ion battery model coupled with a rst principle
capacity fade model allows to predict the capacity loss at every wound of the nega-
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tive electrode (with the assumption that capacity fade only occurs at the negative
electrode in this study). The method can be extended by including the capacity
fade model of the positive electrode (The capacity fade model of positive electrode
will vary with battery chemistry due to di¤erent capacity loss mechanisms.) and the
negative electrode of other material (In the this study, the carbon based negative
electrode is considered.).
3. A numerical evaluation has been undertaken on the performance of two thermal
management systems at module and pack levels. Di¤erent from other studies, the
electrochemical and thermal behavior of the lithium-ion batteries in the two battery
designs can be predicted globally and locally. For the air cooling system, the pre-
dictions is achieved by solving every cell in the battery module with a mechanistic
lithium-ion battery model and interactively coupled with the conjugate heat trans-
fer model for coolant. This method allows reducing computational time and costs
in solving a complex and large battery system. For the liquid cooling system, rep-
resentative repeating unit has been introduced to simulate the whole battery pack.
The operation temperature range of this battery with the bipolar design is deter-
mined by the temperature window. The method for establishing the temperature
window can be easily extended to other batteries with di¤erent battery chemistry
and battery forms.
9.3 Recommendations for future work
This thesis mainly dealt with two issues of lithium-ion batteries, thermal related issues
and the capacity fade e¤ect. In the study, the capacity fade mechanism is assumed to be
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the reduction reaction of solvent and the formation of SEI layer and the capacity loss only
occurs at the negative electrode. In practice, a number of mechanisms are responsible for
capacity fade that are also associated with the battery chemistry, battery size and shape
as well as the operation and storage conditions. Hence these factors can be added in the
capacity fade modeling of lithium-ion battery for various types of batteries with improved
accuracy.
In the statistical study, the focus was to nd the relationship between the system
parameters and the temperature of the battery cell. This method can be further extended
to investigate the relationship of system parameters and the capacity fade of the battery
cell.
The current numerical method used in Chapter 7 can be further extended by combining
the capacity fade model. The e¤ect of thermal management on the rate of capacity loss
can be studied and analyzed. In addition, the model can be used to conduct perturbation
study by malfunctioning one or more cells in the module or adding the short circuit model.
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